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ABSTRACT 
 
Fractals have existed in a variety of natural forms, and the concept of "fractal geometry" 
has been developed in many areas by humankind, including art, economics, mathematics, physics, 
chemistry, material science, and etc. In the field of chemistry, researchers have endeavored great 
efforts to express the concept using molecules either by theoretical prediction or using synthetic 
methods in the past few decades, and one successful example is the “Sierpiński triangle”. 
Challenge still remains to achieve other fractal geometries as well as high generation of fractals 
with precisely controlled shape and size. Coordination-driven self-assembly has witnessed a wide 
array of well-defined metallo-supramolecular architectures constructed from organic ligands with 
metal ions. Among the diverse library of organic ligands, 2,2':6',2"-terpyridine (tpy) has gained 
extensive attention as a tridentate motif because of its excellent complexing ability with different 
metal ions. The metal ions adopted to construct large discrete structures through direct self-
assembly, however, were limited to three metal ions with highly reversible coordination, viz., 
Cd(II), Zn(II), and Fe(II). 
In this dissertation, a series of metallo-supramolecules (G1-G5) with fractal features that 
is different from Sierpiński triangle has been successfully synthesized using tpy-based ligands 
under the principle of coordination-driven self-assembly. Different synthetic approaches to ligands 
have been explored and demonstrated in depth. Additionally, many divalent transition metal ions 
(Mn, Fe, Co, Ni, Cu, Zn, and Cd) have been successfully introduced into the fractal G4 to 
significantly broaden the spectrum of <tpy-M-tpy> connectivity in this field. Moreover, three 
xiv 
 
different <tpy-M-tpy> connectivities have been incorporated into the fractal G5 using a step-wise 
strategy of combining self-recognition and self-assembly. In particular, the effect of metal ions on 
the assemblies generated has been extensively explored and two structures have been achieved 
using different metal ions while without changing the ligand in the self-assembly. 
 Characterization of those giant and discrete architectures includes 1D and 2D NMR 
spectroscopy, electrospray ionization mass spectrometry (ESI-MS), traveling-wave ion mobility 
mass spectrometry (TWIM-MS), transmission electron microscopy (TEM), and scanning 
tunneling microscopy (STM). Photophysical, electrochemical properties, and dynamic feature of 
the ligand exchange process have been investigated as well. In addition, several supramolecules 
displayed interesting hierarchical self-assembly behaviors either at solid/liquid interface or in 
solution based on their well-defined scaffolds, which may provide more opportunities for 
developing novel materials at supramolecular level.   
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
 
CHAPTER ONE: INTRODUCTION 
 
1.1 Fractal Geometry 
Fractals have existed in a variety of natural forms, such as coastlines, veins of a leaf, 
flowers and some of living organisms. Besides those amazing images captured by human beings 
and many human artifacts in architecture and art being familiar with the public, fractal geometry 
has been gradually studied and explored for a long time, while gone through a rapid development 
into many science domain with the help of computer technique in modern times.  
 
Figure 1.1 Flower and architecture with fractal feature. (images from online resource: 
https://www.ece.rice.edu/~mk28/fractals.html; © Mayank Kumar, 2017) 
 
 
1.1.1 Definition of Fractal 
The term "fractal" is coined by mathematician Benoit Mandelbrot in 1975 to describe a 
class of highly symmetrical geometric patterns in nature, which are hardly to be described precisely 
using classical geometry, such as lines, tringles, squares, circles, spheres, etc.1 Although 
disagreement exists in mathematic field about how a fractal should be formally defined, two 
2 
 
important features can still be summarized to understand fractal geometry.2 One is known as self-
similarity or expanding symmetry, which means it displays the same pattern at all scales. The other 
one is called non-integer dimension. Classical geometry classifies objects into integer dimensions: 
points are of zero dimension, lines are one dimensional, planes are two dimensional figures, and 
solids such as cubes and spheres belong to the regime of  three dimension. However, Fractal 
patterns exist among between those familiar dimensions. For example, a fractal curve (Koch 
Snowflake, to name one) has a dimension between one and two. As the curve twists and expands, 
it becomes flatter and is closer to two dimensions (Figure 1.2A). 
 
Figure 1.2 The Koch curve (A), Koch snowflake (B) and Sierpiński triangle (C). (images from online: 
https://fractalfoundation.org/resources/fractivities/koch-curve/; images may be subject to copyright) 
 
As a branch of topology studied in mathematics, there are many types of fractals. The most 
popular two are complex number fractals and Iterated Function System (IFS) fractals.3 Complex 
number fractals like the Mandelbrot set fractal or the Julia set fractal are built of iterations with 
complex numbers which consist of a real number and an imaginary one. To make it simple instead 
of obscure mathematical words, it can be stated as "migration" of the initial point across the plane. 
In comparison, IFS fractals are created on the basis of simple plane transformations, and two well-
known examples are the Koch snowflake and Sierpiński triangle (Figure 1.2B, 1.2C). 
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Although the theory of fractal geometry is complicated, it has found a variety of 
applications in many fields. No need to mention the application in art and architecture, modelling 
geographical terrain, analysis of medical diagnostic images, one example in computer science is 
the fractal image compression where  images are compressed much more than by usual ways 
without pixelization. Another new application in engineering is fractal-shaped antennae that makes 
the antenna smaller for a given frequency of use while still attains acceptable performance.4 
 
1.1.2 Dendrimer-Fractal Structure in Chemistry  
In the field of chemistry, the fractal geometry has changed the way chemists perceive, and 
subsequently rebuild molecules. For instance, dendrimers, as highly symmetric compounds, have 
been extensively demonstrated to be molecular fractals. They are also named as "cascade", 
“treelike”, “branched” molecules at the very first,5-7 which has embedded the concept of fractal. 
Since it was first discovered by Fritz Vögtle in 1978, dendrimers have gained a broad interest with 
respect to synthesis, properties and applications.8 
 
Figure 1.3 Scheme of third generation dendrimer. 
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The well-defined structure of dendrimers results from the regular emanation of cascade-
branched repeating units from a single chemically addressable group called the focal point or core 
(Figure 1.3). They are always named using generation number which is determined by how many 
times of repetition. Compared to conventional polymers prepared in a ‘one-pot’ step, dendrimers 
are much more difficult to prepare and need stepwise synthesis to endow them with well-controlled 
structures.9 There are two approaches in dendrimer synthesis, namely divergent synthesis and 
convergent synthesis, and in some cases it combines both and is named as the double-stage 
convergent approach (Figure 1.4).10 
 
Figure 1.4 Different methods of dendrimer synthesis. (Reproduced from Ref 9. Creative Commons Attribution 
License) 
 
In the divergent strategy, the dendrimer is constructed from a multifunctional core and 
extended outward by a series of repetitive reactions (Figure 1.4A). Using this method, the 
generations can be achieved as high as 10 or more.9 However, each step of the repetitive reaction 
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must be driven to full completion to prevent structural defects in the dendrimer. And the defected 
impurities are extremely difficult to be separated from intact dendrimers because of the small 
difference.11 In contrast, in the convergent strategy, the dendrimer is built from a small molecule 
which starts at the dendrimer surface and ends up attached to a central core through a series of 
inward-oriented reactions (Figure 1.4B). It offers greater structural control than the divergent 
approach and enables introduction of functional groups or modification of the structure in a 
controllable manner.12The combination of divergent and convergent strategies has been further 
developed for dendrimer synthesis which takes the advantages of both and increases the efficiency 
of reactions.10 
Besides those traditional methods mentioned above, click chemistry has emerged as an 
elegant synthetic approach for dendrimers synthesis recently because of its high reaction efficiency 
and atom economy as well as short reaction time and mild reaction conditions.13 The first example 
of dendritic macromolecules prepared by click chemistry was reported in 2004 by Fokin et al. All 
second generation and some third generation of  triazole-based dendrimers were isolated directly 
as pure solids and a variety of functional groups were found compatible during the process.14 
 
1.1.3 Sierpiński Triangle in Chemistry  
Although similar patterns have already appeared in the 13th-century in some cathedrals, 
Sierpiński triangle (ST) is formulated by the Polish mathematician Waclaw Sierpiński in 1915 to 
describe an equilateral triangle which can be subdivided recursively into smaller equilateral 
triangles.15 The number of triangles in a ST can be found by using the formula Nn = 3n, where N 
is the number of triangles and n is the number of iterations.  
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As a well-known fractal geometry, it has also been attempted in the chemistry world 
through self-assembly to avoid multi-step synthesis. Szabelski et al. predicted that it is possible to 
fabricate molecules into Sierpiński triangle sets on surface through canonical lattice Monte Carlo 
simulation.16 Later, Wu et al. successfully observed a whole series of defect-free molecular STs 
on a Ag(111) surface below 80 K using high-resolution STM imaging (Figure 1.5).17 Those 
molecular fractals were obtained through the formation of synergistic halogen and hydrogen bonds 
between two aromatic bromo compounds. Similarly, a set of STs were formed by terphenyl 
molecules through encoded directional hydrogen bonding on Au(111) or Ag(111) in ultrahigh 
vacuum and observed directly using STM as well.18 Recently, Wang et al. reported another case 
of molecular STs with robust covalent linkages on surface.19 The formation of large-scale and 
highly ordered covalent STs up to the third generation was achieved via the dehydration reaction 
of 1,3-benzenediboronic acid at ambient atmosphere. It was found that the presence of  a small 
amount of water to improve the reversibility of the reaction was essential to the high quality of the 
STs. This study provided new insights on the growth of large scale of robust molecular fractals 
through on-surface self-assembly. 
 
Figure 1.5 Models of the STs and the corresponding STM images. (Reproduced with permission from Ref 17. © 
Springer Nature, 2015) 
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Coordination-driven self-assembly on surface provides alternative ways to avoid multi-
step synthesis as well. The metal-organic STs on Au(111) via on-surface coordination chemistry 
between carbonitrile linkers and nickel atoms were reported in 2015.20 Interestingly, those 
coordination STs showed high stabilities which could tolerate room temperature STM imaging 
and withstand a thermal treatment up to 450 K. In another report, metal-organic STs with an 
generation number up to 3 were successfully assembled on both Ag(111) and symmetry-
mismatched fourfold Ag(100) surfaces through coordination between 4,4’-dihydroxy-1,1’:3’,1’’-
terphenyl (H3PH) molecules and Fe atoms under vacuum.21 Density functional theory (DFT) 
calculations further confirmed that those structures were stabilized by the strong coordination 
interaction between Fe and O atoms. Wang et al. reported a combination of templating method and 
co-assembly method which led to the successful construction of a complete fifth generation ST 
with a lateral length of 50 nm on the reconstructed Au(100)-(hex) substrate in ultrahigh vacuum 
(Figure 1.6).22 It was found that Fe atoms and 4,4”-dicyano-1,1’:3’,1”-terphenyl (C3PC) molecules 
could form coordinated STs and further assemble into one-dimensional (1D) double chains. 
However, when about 13−26% of the C3PC molecules were replaced by 1,3-bis(4-pyridyl)-
benzene (BPyB) molecules because of the co-assembly effect, the chain structure was damaged 
and single STs up to the fifth generation just formed instead. The new strategy may be applied to  
 
Figure 1.6 Fifth-generation STs prepared on surface. (Reproduced with permission from Ref 22. © American 
Chemical Society, 2017) 
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investigate the growth mechanism on surface and construct various STs with higher generation. 
Although on-surface self-assembly is proved to be an easy and efficient way to get different 
generation of STs, it has the disadvantage of resulting in mixtures rather than single product and 
requires harsh experimental conditions such as ultrahigh vacuum. Coordination-driven self-
assembly in solution could overcome the challenge with more elegant manipulation over final 
fractal structural features under mild conditions. With rational design and careful synthesis of the 
building blocks, discrete metallo-supramolecular STs could be obtained directly through the self-
assembly in solution in high yield. For example, Newkome et al. reported a novel terpyridine (tpy) 
based architecture that mimicked the first-generation ST with D3h symmetry using <tpy-Cd(II)-
tpy> connectivity.15 The two key terpyridine building blocks were synthesized by the Suzuki cross-
coupling reaction to precisely control the geometry. And the desired ST was produced in nearly 
quantitative yield by multicomponent assembly through the tpy-based ligands and Cd2+ in a precise  
 
Figure 1.7 Chemical structures of the three generations of STs prepared in solution.(Reproduced with permission 
from Ref 23. © Wiley-VCH, 2017) 
 
stoichiometric ratio. Later, Wang et al. described the construction of three generations of 
supramolecular STs through coordination-driven self-assembly in solution (Figure 1.7).23 The 
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third generation achieved a molecular weight of 19 980.99 Da and a size of 8.6 nm in average 
length. It needs to point out that the third generation reported here displays only statistical self-
similarity on geometry which is not identical to the mathematical ST of third generation while its 
geometry is very close to Pascal's triangle. In their synthetic protocol, a stepwise strategy by 
conducting multiple Suzuki cross-couplings on brominated <tpy-Ru(II)-tpy> complexes was 
specifically addressed by the authors to avoid the formation of undesirable species and 
coordination polymers. This strategy provided alternative ways on the synthesis of more diverse 
building blocks and thus enables greater chance to create more complicated fractal structures in 
solution compared to the multicomponent self-assembly approach in one-pot mentioned above. 
It is worth mentioning that a structure related to STs that is called  molecular ‘‘Sierpinski 
Hexagonal Gasket” was reported in 2006.24 It incorporated the geometry of both the Star of David 
and a Koch snowflake while its repeating units did not display in the typical treelike pattern (Figure 
1.8A). This 2D fractal gasket was assembled from the Fe2+ with a predesigned terpyridine-based 
building block prepared from three steps of stepwise of <tpy-Ru(II)-tpy> connection. The giant 
gasket with a molecular weight as high as 38724.4 Da was clearly pictured using the low 
temperature STM imaging (Figure 1.8B). 
 
Figure 1.8 Molecular ‘‘Sierpinski Hexagonal Gasket”. A: geometry of both the Star of David and a Koch 
snowflake; B: STM image. (Reproduced with permission from Ref 24. © American Association for the 
Advancement of Science, 2006) 
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In another report, first and second generation of STs with truncated structures were 
described based on multicomponent self-assembly in solution.25 The researchers developed a self-
assembly strategy of selecting complementary ligands based on size- and shape-fit principles 
which was very similar to the mortise−tenon joint. In that strategy, a hexatopic terpyridine-based 
metallo-organic ligand [Ru2T2K] was carefully designed and synthesized through the stepwise 
approach. It could further assemble into the supramolecular trapezoid Zn5[Ru2T2K]V2 with the 
ditopic 60°-directed bisterpyridine V, and supramolecular hollow hexagon Zn15[Ru2T2K]3K3 with 
the tetrakisterpyridine K (Figure 1.9). Those two structure were similar to the truncated versions 
of first and second generation of STs with respect to geometry and shape. This strategy also shed 
light on the design of sophisticated supramolecules with higher level complexity through the 
selective multivalent connections within the mutual ligands. 
 
Figure 1.9 Synthesis of truncated versions of first and second generation of STs.(Reproduced with permission from 
Ref 25. © American Chemical Society, 2018) 
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1.2  Synthetic Strategies for Terpyridine 
With the goal of understanding the organizing principles of constructing macromolecules 
and supramolecular complexes in biosystems by nature, supramolecular chemistry has become one 
of the most attractive research areas in modern chemistry. Compared to the covalent bonds in the 
conventional synthetic chemistry, supramolecular chemistry deals with non-covalent interactions 
which are weaker and usually reversible, such as van der Waals, hydrogen bonding, - stacking, 
ionic or coordinative interactions. And the research regarding the coordinative bonds are 
particularly active because of a large structural variability of organic building blocks and 
accessibility to different metal ions. Among the diverse organic building blocks, pyridyl ligands 
occupy a central position. Indeed, 2,2’-bipyridine is described as “the most widely used ligand”26 
among the N donor ligands such as pyridine, bipyridine, phenantroline, terpyridine, pyridine-
diamide, while the 2,2';6',2"-terpyridine is well studied as well (Figure 1.10). Terpyridine or 
2,2';6',2"-terpyridine, often abbreviated as terpy or tpy, is a heterocyclic compound derived from 
pyridine. Structures may vary slightly on the basic 2,2';6',2"-terpyridine subunit for the tpy motifs 
and -conjugated substituents attached in the 4'-position are of increasing interest due to a variety 
of applications. 
 
Figure 1.10 Subunits of  pyridyl ligands. 
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There are three types of -conjugated terpyridines, and the general schematic structures 
are depicted in Figure 1.11. Among those three types, the Kröhnke-motif which features a 
functionalized phenyl ring on the 4'-position of the terpyridine unit is studied the most because of 
the synthetic accessibility. The rigid U-shaped one has been explored less frequently due to 
synthetic limitations. The Ziessel-type with the -conjugation on the 4'-position is extended via 
ethynyl group has been mainly investigated in the area of electron transfer processes, such as 
surface junction of molecular wires.27 
 
Figure 1.11 General schematic structures of three types of π-conjugated terpyridines.A: the Kröhnke-type; B: the 
rigid U-shaped type (n=0,1,2); C: the Ziessel-type. 
 
The first synthesis of tpy was reported by Morgan and Burstall in 1932 from the oxidative 
coupling of pyridine by iron(III) chloride.28 While after tedious separation and purification 
processes, the tpy product was only obtained in a very low yield as a by-product, which definitely 
could not meet the increasing demand of functionalized terpyridines. Since then, a variety of 
synthetic protocols for the preparation of the basic tpy motif and its substituted derivatives have 
been studied and reported. Several reviews have summarized the synthetic approaches towards 4'-
subsituted tpy in depth in a different aspect,29-31 while more generally speaking, condensation 
reaction and coupling reaction are the two major types involved in the preparation of 4'-subsituted 
tpy. 
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As presented in Figure 1.12A, for condensation route, reaction started between ethyl 
picolinate and acetone to form a triketone intermediate, which could subsequently proceed 
condensation with ammonium acetate to furnish the formation of terpyridone. Terpyridones may 
react with the bromides to give the 4'-subsituted tpy directly or be treated with PCl5/POCl3 to give 
another versatile intermediate, 4'-chloro(terpyridine), which could be easily converted into other 
terpyridine derivatives through a Williamson ether synthesis.32-34 Alternatively, a more common 
method was developed by switching pyridine ester to 2-acetylpyridine to react with a substituted 
aryl aldehyde to generate the Kröhnke-type tpy. This method was proved to be more versatile for 
the preparation of functional tpy compounds.35,36 
 
Figure 1.12 Synthesis of 4'-subsituted tpy through condensation reaction. 
 
Besides the condensation route, strategic methods using sophisticated organometallic 
coupling reactions have been developed. The first approach involved the reaction of 2,2'-bipyridine 
with 2-pyridyllithium yielding the simplest tpy under low temperature (Figure 1.13A).37,38 With 
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aim to introduce functional groups to the 4' position, Stille coupling has proven to be efficient 
compared to other palladium-catalyzed coupling reactions because of the faster transmetalation 
step. The reactions can be carried out by coupling either 2,6-dihalopyridine with 2-
stannylpyridines or 2,6-distannylpyridine with corresponding 2-bromopyridine (Figure 
1.13B).39,40  The overall reactions are clean and of multigram product accessibility. 
 
Figure 1.13 Synthesis of 4'-subsituted tpy through coupling reaction. 
 
Similar to the synthesis of 4'-subsituted Kröhnke-type tpy through condensation reaction, 
rigid U-shaped terpyridines can be obtained either from activated cyclic ketones (i.e. as imine or 
enamine) with aromatic aldehydes or from ternary iminium salts with pyridyl ketones respectively 
(Figure 1.14A/B).41-43 The former one may result in a mixture of U-shaped and S-shaped products, 
while the latter method allows synthesizing U-shaped terpyridines in very good yields, selectively. 
The so-called Ziessel-type terpyridines can be easily prepared through 4'-tpy with  terminal alkyne 
derivatives via Sonogashira cross-coupling reactions (Figure 1.14C).44,45 The isolated yields are 
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usually moderate to good and a variety of general functional groups are tolerated under the 
Sonogashira reaction conditions. 
 
Figure 1.14 Synthesis of rigid U-shaped (A and B) and Ziessel-type terpyridine (C). 
 
Based on those synthetic protocols, more efficient and environmentally friendlier variants 
of the reactions have been investigated in rencent years, including the utilization of microwave 
irradiation to decrease the reaction time,46 poly(ethylene glycol and ionic liquids as green 
solvent,47,48 solvent-free conditions49 or aqueous ammonia instead of excess of ammonium acetate 
for the purpose of atom economy.50 
 
1.3  Discrete Supramolecular Architectures Based on Terpyridine 
Among a wide variety of organic donor ligands, terpyridine has gained extensive attention 
as a tridentate motif because of its excellent complexing ability towards different metal ions, i.e., 
main group, transition metals and lanthanide cations. The use of <tpy-M-tpy> connectivity based 
on their different lability has facilitated the construction of remarkable supramolecular 
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architectures for both discrete structures and infinite structures including supramolecular polymers 
and networks with design. In this dissertation, the architectures discussed refer to discrete 
structures with specific shapes and sizes while the polymers and networks are not included.  In 
general, the ultimate supramolecular architectures are the consequence of both kinetic and 
thermodynamic control. Therefore, tpy components of desirable sizes and shapes are also essential 
to ensure the self-assembly of final discrete structures. Since the first successful synthesis of a 
terpyridine-based molecular hexagon in 1999,51 many precise-shaped 2D metallomacrocycles, 3D 
cages have been reported subsequently. Additionally, architectural design principles and synthetic 
strategies have been developed to enhance the understanding of <tpy-M-tpy> connectivity in the 
construction of complex architectures. To summarize, direct self-assembly from multitopic 
organic ligands, multicomponents self-assembly in one pot, and stepwise strategy based on 
ruthenium chemistry are the major three that have been demonstrated so far.  
 
1.3.1 Direct Self-Assembly from Multitopic Terpyridine Ligands  
Using multitopic organic ligands has proved to be an efficient way to construct giant well-
defined architectures, while the challenge exists in the preparation of pre-designed ligands.  Figure 
1.15 summarizes the multitopic organic ligands reported so far in the self-assembly of 2D 
metallomacrocycles. 
As mentioned earlier, the installed geometric information of terpyridine ligand along 
rigidity is essential to enable the successful self-assembly of the final discrete structure. Those 
geometric information include the angle of the coordination sites, the length of the coordination 
arms, the overall molecular rigidity, etc. For example, Li et al. reported two supramolecular 
hexagon ‘‘wreaths’’ through the direct self-assembly of the tritopic and tetratopic bisterpyridine  
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Figure 1.15 Multitopic organic ligands used in the direct self-assembly of 2D metallomacrocycles. 
 
ligands 1-1 and 1-2 with Zn2+, respectively (Figure 1.16).52 These ligands precluded the formation 
of a mixture of metallocycles (n = 5-9) which happened in the conventional self-assembly using 
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120°-ditopic bisterpyridine ligands.53,54 Meanwhile, the multiple binding terpyridines in the 
ligands increased the total density of coordination sites (DOCS) and provided high geometric 
constraints to enable the formation of the sole discrete structure. The rigidity of these architectures 
was also enhanced remarkably and was supported by TWIM-MS. 
 
Figure 1.16 Self-assembly of hexagon wreath using multitopic organic ligands. (Reproduced with permission from 
Ref 52. © American Chemical Society, 2014) 
 
 
Figure 1.17 Concentric hexagons assembled by corresponding multitopic organic ligands. (Reproduced with 
permission from Ref 55. © American Chemical Society, 2016 and Ref 56. © Springer Nature, 2018) 
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Continuing the strategy of multitopic ligands, a series of metallo-supramolecular 
concentric hexagons were assembled using tetratopic terpyridine ligands of varying length by Li 
et al. short after (Figure 1.17). The key intermediates were obtained by condensation reactions of 
pyrylium salts with corresponding primary amino compounds.55 Such a robust chemistry based on 
pyrylium and pyridinium salts significantly facilitated the synthesis of these tetratopic terpyridine 
ligands (1-3~1-6) in good yields. Later, they successfully synthesized another two multitopic 
ligands 1-7 and 1-8 with increasing size and complexity using modular pyrylium salts followed by 
consecutive condensation reaction with primary amines. And the corresponding giant discrete 
nested hexagons were subsequently obtained in high yields.56 As a result, pyrylium and pyridinium 
salts’ chemistry proved to be an efficient way to overcome challenges in the synthesis of multitopic 
terpyridine ligands. In addition, those structures illustrated the significance of structural 
information instilled in the building blocks in the construction of supramolecules with increasing 
complexity in a well-controlled manner.  
 
Figure 1.18 Ring-in ring structures assembled by flexible multivalent terpyridine ligands. (Reproduced with 
permission from Ref 57. © Wiley-VCH, 2015) 
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In contrast to the multitopic tpy ligands developed with high geometric rigidity by Li et al., 
Chan et al. reported a series of flexible multitopic tpy ligands composed of one 60°-bent and 
several 120°-bent bis(terpyridine)s with varying alkyl linker lengths. The ligands were flexible to 
some degree and the flexible linkers between terpyridines were found to be the key factor that 
controlled the final geometry and stability of the resultant assemblies. With a C4 linker, ligand 1-
9 allowed the formation of a discrete ring-in-ring structure [Cd6(1-9)2], while ligand 1-10 with a 
C6 linker afforded a mixture of [Cd9(1-10)3] and [Cd12(1-10)4] with concentration dependent 
behavior. Ligand 1-11 with a C8 linker was found to favor the well-defined ring-in-ring structure 
[Cd9(1-11)3] upon complexation with Cd2+. The assembly was insensitive to concentration 
variations due to the reduced steric hindrance between the inner and outer macrocycles with the 
elongated linker. Based on the design principle, a more complex ligand 1-12 was synthesized by 
extending the scaffold of 1-11 horizontally along the linker axis through carbodiimide-mediated 
esterification. A well-defined spiderweb structure was achieved using the ligand 1-12 with ten 
coordinative tpy subunits in the structure (Figure 1.18).57  
Along with the increasing structural complexity, the multiple tpy groups and multivalent 
interactions by coordination can introduce enhanced properties such as restriction of 
intramolecular rotation (RIR). Li et al. reported two emissive metallo-supramolecular architectures 
constructed from multitopic tpy ligands with tetraphenylethylene (TPE) scaffold. The discrete 
double-layered hexameric and triple-layered heptameric rosettes with increasing structural 
complexity were assembled from a tetratopic (1-13) and a hexatopic (1-14) ligand with Cd2+, 
respectively (Figure 1.19).58 Compared with the corresponding ligands, those structures exhibited 
higher emission efficiency because of additional RIR and immobilize fluorophores with 
multivalent interactions. Thus, using the multitopic ligands can not only provide geometric 
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constraints in the self-assembly to prevent the formation of multiple entities, but can also enhance 
properties that are not displayed by their individual components. 
 
Figure 1.19 Emissive structures assembled by corresponding multitopic ligands with TPE scaffold. (Reproduced 
with permission from Ref 58. © Springer Nature, 2018) 
 
Similarly, a series of  3D architectures based on <tpy-M-tpy> connectivity were also 
reported through the direct self-assembly of multitopic organic ligands with Zn2+ or Cd2+. And the 
ligands reported so far have been summarized in Figure 1.20. The precise control over geometry 
of the building blocks is essential to the final 3D assemblies as well as the 2D metallomacrocycles.  
In the design of 3D structures, one need to consider the arrangement of both metals and 
linkers, for instance, which element goes to the edges or faces while the other one goes to the 
vertices bases on the geometry of Platonic and Archimedean solids. While the easiest way to 
simplify the problem is using rigid three-dimensional compounds such as adamantane, triptycene, 
and 9,10-ethanoanthracene as vertices. 
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Figure 1.20 Multitopic Terpyridine ligands used in the direct self-assembly of 3D architectures. 
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Figure 1.21 3D structures assembled by tpy-based ligands with an adamantane core. (Reproduced with permission 
from Ref 59. © Royal Society of Chemistry, 2014; Ref 60. © American Chemical Society, 2014) 
 
By careful design of the arm length and its mutual angle, Li et al. reported two large cubic-
shaped assemblies using the tpy ligands with an adamantane core (1-15 and 1-16).59 Instead of 
using metal center as vertices in the common synthetic strategy, these cubic cages [M12L8] bear 
eight ligands as vertices and the twelve metal ions on the edges. Later, they further designed and 
synthesized a series of tritopic ligands using adamantane as the directing units and tpy as 
coordination nodes with different angular linkers, i.e., p-phenyl, 2,5-thienyl, and m-phenyl. It was 
found that the angles of these linkers played a critical role in determining the final assembled 
structures, which had the general formula of M3nL2n. 1-17 with a p-phenyl linker between 
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adamantane and tpy head afforded the [M12L8] cubic structure, 1-18 with a 2,5-thienyl linker gave 
the [M6L4] tetrahedron, and 1-19 with a m-phenyl linker resulted in the formation of a [M3L2] 
trigonal bipyramidal (Figure 1.21).60 Furthermore, The binary mixtures of 1-17 and 1-19 or 1-18 
and 1-19 underwent a self-sorting process that led to the self-assembly of corresponding discrete 
3D structures. These results clearly demonstrated the importance of the geometry information pre-
coded in the ligands in controlling the shape and size of the assemblies that microscopic variations 
could result in macroscopic differences for the final well-defined architectures. 
Similarly, triptycene and 9,10-ethanoanthracene were employed as rigid directing units in 
the preparation of multitopic ligands for 3D structures. Ligands 1-20 and 1-21 were readily 
synthesized through the Suzuki cross-coupling between brominated compounds and 4'-boronic 
acid tpy. 1-20 contains both the 60o and 90o directionality which is crucial for the formation of 
cuboctahedron-shaped structure upon self-assembly with Zn2+ or Cd2+, while 1-21 only contains 
the 90o directionality which lead to the generation of a smaller Platonic cube-shaped structure.61,62 
Interestingly, both of the assemblies displayed a concentration-dependent dynamic behavior in 
solution when Cd2+ was used as the metal source. The cuboctahedron from 1-20 possessing the 
more labile <tpy-Cd(II)-tpy> connectivity and PF6¯ counterions could undergo dynamic molecular 
interconversion into exactly two equivalents of octahedron in dilute solution (Figure 1.22A). When 
increasing the concentration, the original cuboctahedron could be regenerated directly without 
forming any other intermediate. The reversibility of this transformation was probed and verified 
by NMR and ESI-MS analysis clearly. In contrast, the cubic Cd2+ structure assembled from 1-21 
could convert into two identical tetrahedron-shaped complexes through a stable prism-shaped 
intermediate cage that could not exist individually (Figure 1.22B).  
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Figure 1.22 3D structures assembled by tpy-based ligands with rigid core and dynamic molecular interconversion. 
A: cuboctahedron assembled from tetratopic ligand with a 9,10-ethanoanthracene core; B: cube assembled from a 
tritopic ligand with a triptycene core. (Reproduced with permission from Ref 61. © Wiley-VCH, 2015 and Ref 62. 
© Royal Society of Chemistry, 2018) 
26 
 
 
Figure 1.23 3D structures assembled by tpy-based ligands with flexible core. (Reproduced with permission from 
Ref 63. © Royal Society of Chemistry, 2015 and Ref 64. © American Chemical Society, 2016) 
 
Besides using rigid three-dimensional compounds as the directing units in the ligand design, 
combining flexible directionality and steric overlap could favor the formation of 3D structure as 
well. For example, a flexible tpy ligand 1-22 was synthesized by connecting the tribenzo-27-
crown-9 ether connecting with three 60o bis-ligands and subsequently self-assembled with Zn2+ to 
generate an extended tetrahedron. This 3D polygon is comprised of four independent triangular 
surfaces interlinked by three crown ether vertices (Figure 1.23A).63 The author speculated that the 
directionality may be facilitated by intramolecular  –  interactions. In another report, the 
replacement of the crown part with a smaller dibenzo[18]crown-6 in the design of the ligand (1-
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23) facilitated the formation of a giant Archimedean based cuboctahedron upon complexation. 
And the structure was unequivocally characterized by 1D and 2D NMR spectroscopy, mass 
spectrometry. Similar to the structures mentioned previously, this cuboctahedron could undergo 
transformation into two identical octahedrons and further into four bis-trianglar complexes through 
dilution and exchange of counterions. Also altering the concentration, anions or solvents could 
reverse the process (Figure 1.23B).64 The transformation process were carefully monitored by ESI 
and NMR. 
In addition to the methods discussed above, introducing twisted coordination tpy motifs by 
meta-substitution along the phenyl spacers of ligands proved to be another alternative way to 
construct 3D structures. Ligands 1-24~1-27 could self-assemble into nanosphere or nanobelt with 
metals although the directing units in those ligands were geometrically planar.65-68 The successful 
formation of those nanosphere or nanobelt is attributed to the 1,3-disubstituted phenyl spacer that 
provides an appropriate angle of 120o directionality necessary for the precise generation of the 
observed 3D structures. For instance, the hexapodal ligand 1-27 with six 1,3-disubstituted tpy 
motifs connected on the benzene ring could self-assemble with Zn2+ to form a metallo-nanosphere 
(Figure 1.24 A).67 This metallo-nanosphere has four quasi-triangular and six rhombus-like facets 
and the internal volume is estimated as ~9800 Å3. Host-guest chemistry study revealed that it is 
able to encapsulate coronene due to the hexaphenylbenzene core from the ligand. 
Interestingly, Chan et al. reported a giant spherical capsids with an external diameter of ~6 
nm and shell thickness of nearly 1 nm by self-assembly of 12 corannulene-based tectons recently 
(Figure 1.24B).69 The corannulene-based ligand 1-28 bearing five tpy arms was synthesized 
through Suzuki crossing-coupling between 1,3,5,7,9-pentamethoxy-2,4,6,8,10-
pentabromocorannulene and tpy-containing phenylboronic acid derivatives. The five methyl ethers 
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aimed at increased solubility. This shallow bowl-shaped ligand has a fivefold symmetry and 
suitable curvature which are essential for constructing chemical capsids. The structure of this 
coordination-driven chemical capsid was confirmed by NMR methods, MS analyses, SAXS, TEM, 
AFM, and molecular modeling. 
 
Figure 1.24 3D spherical structures assembled by hexatopic and pentatopic tpy ligands. (Reproduced with 
permission from Ref 67. © American Chemical Society, 2018 and Ref 69. © Springer Nature, 2019) 
 
1.3.2  Multicomponent Self-Assembly  
Although direct self-assembly using a multitopic organic ligand is a straightforward and 
efficient approach to construct sophisticated supramolecular 2D and 3D architectures with precise 
shapes and sizes, the synthesis and separation of those ligands are challenging due to the demand 
of multiple-steps or multiple-sites of coupling reactions. With the goal of simplifying the synthesis 
of ligands, multicomponent self-assembly has partly solved the problem by pre-coding the 
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geometric information in separated components. However, multicomponent system possesses the 
inherent weakness that multiple process can occur at the same time and may potentially preclude 
the generation of a pure discrete architecture. Thus, the achievement of a well-defined product 
through multicomponent self-assembly mainly rely on specific stoichiometry, the strict geometry 
information installed in each of the component, and the subtle reaction conditions.  
 
Figure 1.25 A family of tpy components for multicomponent self-assembly. 
 
Newkome and co-workers have gradually developed a family of tpy-based ligands for 
multicomponent self-assembly by rational design (Figure 1.25).70 These components provide a 
diverse coordination sites in terms of numbers and shapes and display a complementary behavior 
in the generation of ultimate structure through self-assembly. When the component existed 
individually with metal ions in stoichiometric ratio in solution, it resulted in a mixture including 
several predominant structures, oligomers and polymers. While adding a complementary 
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component, the system may allow the generation of a final architecture as an outcome of multiple 
interactions.  
 
Figure 1.26 Architectures with same repeating triangular unit assembled through multicomponent self-
assembly.(Reproduced with permission from Ref 70. © Royal Society of Chemistry, 2018) 
 
For instance, a shape-persistent, giant 2D supramolecular spoked wheel was reported in 
2011 as the first example of tpy-based structure through multicomponent self-assembly.71 The 
three-armed “T” component was designed to provide three tpy coordination motifs that could 
generate one-sixth of the outer wheel simultaneously. The hub “C6”component with  D6h 
symmetry assisted in the formation of the inner wheel upon heteroleptic assembly with one arm of 
each “T” component. The authors hypothesized that the stability of this highly symmetric spoked 
wheel was enhanced because of the three or six complementary coordination linkage within each 
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ligand. Additionally, these multiple interactions within the designed sophisticated geometry would 
facilitate the formation of a single, discrete architecture rather than a mixture of byproducts. The 
giant spoked wheel was well characterized by ESI-MS, IM-MS, NMR techniques together with 
TEM imaging. Similarly, a rhomboidal architecture was constructed through the self-assembly of 
the “T” component, “V” component and metal ions in one pot.72 And the first generation of 
Sierpiński triangle was constructed by multicomponent self-assembly between the “V” component 
and “K” component upon complexation.15 As the four components all have a directed 60o angle 
between the adjacent tpy-based arms,  the resultant assemblies have a same triangular unit 
repeating in a different way within each geometry (Figure 1.26).   
 
Figure 1.27 Scheme of the generation of 3D supramolecular wheels. (Reproduced with permission from Ref 73. © 
Wiley-VCH, 2014) 
 
In another report, a hexagonal-shaped, 3D-spoked wheel C1 was achieved through the self-
assembly of two organic monomers with Zn2+ in one pot.73 In contrast to the original 2D spoked 
wheel (Figure 1.27), the hexatopic core (“C6” component) was replaced by two equivalents of 
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1,3,5-tristerpyridine ligand S3 (“Y” component). These two 120o directed tris-tpy ligands were 
stacked perpendicularly to form a quasi-hexakis-ligand, which imparted the 3D “bicycle-wheel” 
framework and were simultaneously connected to the six tritopic monomers (“T” component) 
through 12 Zn2+. More interestingly, the hexatopic core (“C6” component) could also be replaced 
by two equivalents of 1,2,3-tris-tpy ligand R3 (“T” component) to generate the bis-rhomboidal 
shaped core. Thus, a bis-rhomboidal-shaped, 3D supramolecular wheel C2 was constructed by 
eight ‘‘T’’ monomers with 12 Zn2+ where this single ligand served dual roles (Figure 1.27). Due 
to the geometric constraints of R3, C2 showed reduced symmetry (C2h) compared to the highly-
symmetric C1 (S6). This example well demonstrated the geometric information installed in the 
ligands and how they affected the final architecture.  
 
Figure 1.28 Multicomponent self-assembly of triangle and ditrigon by complementary terpyridine ligand pairing.  
(Reproduced with permission from Ref 74. © American Chemical Society, 2016) 
 
A novel self-selective ligation approach of complementary terpyridine ligand pairing was 
developed by Chan et al. to prevent self-sorting in the multicomponent self-assembly. By installing 
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2,6-dimethoxyphenyl substituents at the 6,6″-positions of tpy units can provide ancillary ion-
dipole interactions and extra π-stacking stabilization, thus favors the heteroleptic complexation in 
the coordination process. A triangular and ditrigonal structure were successfully prepared using 
such strategy through the selective complexation between a complementary pair of tpy-based 
ligands (1-29 and 1-30; 1-11 and 1-30) and Cd(II) in one pot (Figure 1.28).74 Recently, a four-
pointed and six-pointed star-shaped metallo-supramolecular architectures were achieved through 
three component integrative self-sorting based on the complementary ligand pairing strategy as 
well ( Figure 1.29).75 Ligand 1-31 with 2,6-dimethoxyphenyl substituents at the 6,6″-positions of 
tpy units is able to react with the other regular multitopic tpy-ligand and Cd(II) to afford the target 
products in high yield in a one-pot manner. This novel strategy is expected to provide alternative 
access to constructing metallo-supramolecules in one pot with enhanced topological diversity and 
complexity while without multistep synthesis and purification. 
 
Figure 1.29 Multicomponent self-assembly of four-pointed and six-pointed star-shaped metallo-supramolecules. 
(Reproduced with permission from Ref 75. © American Chemical Society, 2019) 
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Li et al. reported a strategy of multicomponent synthesis and self-assembly recently.76 The 
irreversible formation of covalent C-N bond through condensation of pyrylium salt with primary 
amine and reversible metal-ligand coordination were well compatible in a one-pot reaction. This 
novel strategy could efficiently convert three and four types of components into the desired 
complex structures. For instance, a double layered Kandinsky Circle (KC) was prepared readily 
through pyrylium salt “A” and primary amine “B”, with the proper portion of Zn(II) in one pot. 
Even more complex spiderweb-like supramolecules SW-1 and SW-2 were constructed in a four-
component synthesis/self-assembly by reacting “A”, “C”, “D” or “E” with Zn(II) (Figure 1.30). 
More interestingly, the self-assembly with those four components present precisely picked up 
A/C/D to react with Zn(II) in stoichiometric ratio to form pure SW-1. It suggests that SW-1 is a 
more energy favorable structure as compared to SW-2.  
 
Figure 1.30 Three and four-component synthesis/self-assembly in one pot. (Reproduced with permission from Ref 
76. © American Chemical Society, 2019) 
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1.3.3  Stepwise Strategy Based on Ruthenium Chemistry 
Besides the approaches of using a multitopic organic ligand for direct self-assembly and 
self-assembly by multicomponent in a one-pot manner mentioned above, a third one has been 
developed based on ruthenium chemistry which involves a metallo-organic ligand (MOL) 
featuring <tpy-Ru(II)-tpy> connectivity. Because tpy motif can bind with Ru3+ in a 1:1 ratio to 
form a stable intermediate which can further bind with another tpy motif through reduction, this 
stepwise strategy has been initially developed to connect homeleptic or heteroleptic tpy motifs 
together to precisely control the geometry of the ligand and prevent self-sorting. More importantly, 
<tpy-Ru(II)-tpy> connectivity is stable enough to sustain the basic condition and high temperature 
in the Suzuki and Sonogashira coupling reactions. As such it is possible to further introduce a 
diversity of tpy motifs into metallo-organic precursors by performing coupling reactions on a MOL. 
Thus, this approach has largely increased the diversity and complexity of the ligand and meanwhile, 
with the geometry precisely controlled. It allows the access to metallo-supramolecules with 
increasing complexity that are hard to access by other approaches. 
Newkome et al. utilized the stepwise strategy featuring <tpy-Ru(II)-tpy> connectivity to 
construct a giant supramolecular “Sierpinski Hexagonal Gasket” as early as 2006.24 The metallo-
organic ligand with two free tpy was synthesized by applying the stepwise strategy for three times 
to connect four bisterpyridine with two tristerpyridine compounds. Inspired by the design, a series 
of MOLs were synthesized then by connecting the tpy-based organic components depicted in 
Figure 1.25 directly or indirectly through stepwise strategy based on ruthenium chemistry . It is 
worth mentioning that although some MOLs looks like being constructed by connecting two tpy 
monomers via Ru(II), they are actually prepared by performing coupling reaction on a precursor 
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Ru-compound through multi-step synthesis. And a series of corresponding architectures with 
increasing complexity were achieved through the direct self-assembly of the MOL with metal ions.  
For example, a novel MOL was obtained by a programmed stepwise synthesis which 
ultimately bridged two equivalents of “V” monomers with one equivalent of “X” monomer 
through <tpy-Ru(II)-tpy> connectivity. This MOL could further assemble with Zn2+ to form a [4]-
triangulane which could be viewed as three equilateral triangles connected at the three vertices of 
a triangle while three equilateral triangles connected at the three edges for the first generation of 
Sierpiński triangle (Figure 1.31A).77 In another report, using the same “V” and “X” components 
while different connecting method, two structures were constructed separately. When the “V” 
monomer was connected with one equivalent of “X”, the resulted MOL could directly assemble 
with Cd2+ to form the pentagram structure. Note that the MOL was obtained by performing  
 
Figure 1.31 Scheme of the generation of supramolecular structures from different MOLs prepared from same tpy-
based components via Ru.(Reproduced with permission from Ref 77. © Wiley-VCH, 2016 and Ref 78. Creative 
Commons Attribution License) 
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coupling reaction on the Ru-complex rather than connecting “V” and “X” directly via <tpy-Ru(II)-
tpy> connectivity. When the “V” monomer was connected with two equivalent of “X” through 
stepwise strategy based on Ru chemistry, the MOL then could assemble with “V” and Fe2+ in a 
1:1:4 ratio in a one-pot multicomponent self-assembly to form the  hexagram structure (Figure 
1.31B).78 Those examples demonstrated that the different way of connecting the same tpy 
components could generate different building blocks and lead to the formation of a diverse 
complex structures.  
 
Figure 1.32 Multicomponent self-assembly of isomeric supramolecular bowtie and butterfly from Ru-based MOL 
and tpy-based monomers. (Reproduced with permission from Ref 79. © American Chemical Society, 2012) 
 
Besides using a MOL which is prepared from tpy-based components through stepwise 
ruthenium chemistry for direct self-assembly with metal ions, multicomponent self-assembly 
using a tpy-based component and a pre-designed MOL is also developed to construct a series of 
structures with increasing complexity. Wisely and interestingly, two novel supramolecular 
constitutional isomers have been successfully constructed from a Ru-based MOL and two other 
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tpy-based components in a three-component system by Newkome and coworkers, respectively.79 
The critical MOL with <tpy-Ru(II)-tpy> connectivity [V2Ru] was synthesized by connecting two 
“V” components together through stepwise strategy. It was able to either assemble with one 
equivalent of “X”-shaped component to form the bowtie-shaped structure or with one equivalent 
of “K”-shaped component to generate the butterfly-shaped structure upon complexation with Zn2+ 
in high yields (Figure 1.32). While direct mixing of “V”, “X” and metal ions in stoichiometry gave 
a triangle  as the major product along with bowtie structure featuring homoleptic <tpy-Zn-tpy> 
connectivity due to self-sorting. Thus, restriction added to the system by bridging the “V” 
components together based on ruthenium chemistry was beneficial to preclude the formation of 
mixtures. Also, these structural isomers were evidenced by displaying different drift times in ion 
mobility separation, corresponding to different sizes and shapes. 
Later on, more structures with increasing complexity while precisely controlled shape and 
size were reported in a similar way by multicomponent self-assembly using a tpy-based component 
and a pre-designed MOL. For instance, Wang et al. reported a nut-like hexagonal architecture with 
a central hollow Star of David in a three-component system. The key MOL [T2Ru] with four free 
tpys by connecting two “T” components through <tpy-Ru(II)-tpy> connectivity was actually 
obtained by performing Suzuki cross-coupling reaction on a tetrabromoterpyridine Ru-dimer. 
Reacting the [T2Ru] with a 60o directed “K” component and Fe2+ in a stoichiometric ratio led to 
the formation of the giant hollow hexagonal nut in near-quantitative yield. The nut has a diameter 
of more than 11 nm and a molecular weight of ca. 33 kDa which definitely cannot be achieved by 
simply mixing “T”, “K” and Fe2+ in stoichiometric ratio in one pot (Figure 1.33).80  
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Figure 1.33 Different attempts to achieve the giant hollow nut. (Reproduced with permission from Ref 80. © 
American Chemical Society, 2016) 
 
Li and coworkers also designed and assembled two rhombus star-shaped supramolecular 
architectures using multiple tpy-based ligands including a Ru-based MOL in a stepwise manner.81 
In the design of ligands, the Ru-based MOLs were created by performing Suzuki cross-coupling 
reactions on a brominated precursor with stable <tpy-Ru(II)-tpy> connectivity. It seems that those 
MOLs are constructed by connecting a “V” component and a “Y” component via Ru. Reacting the 
MOLs with a hexatopic tpy-ligand (“C6” component) and Zn(NO3)2 in an exact ratio of 6:1:12 in 
CHCl3/MeOH at 50 oC for 5 h, followed by counterion exchange and washing, two shape-
persistent supersnowflakes S1 and S2 were obtained, respectively (Figure 1.34). Similarly, direct 
mixing of “V”, “Y”, “C6” components with metal ions in corresponding stoichiometric ratio only 
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Figure 1.34 Self-assembly of supersnowflakes using stepwise strategy. (Reproduced with permission from Ref 81. 
© American Chemical Society, 2017) 
 
gave predominant assemblies of small triangles identified by ESI-MS due to the strong self-sorting 
ability of “V” components. Additionally, intermolecular dynamic exchange occurred to form a 
series of hybrid snowflakes through ligand exchange when preassembled S1 and S2 were mixed 
in solution. These findings indicated that this system was capable of accommodating the variation 
of the outer rims through intermolecular communication. And they also broadened the method of 
constructing complex structures without tedious synthesis. Later, they assembled two larger 
version of supersnowflakes (S3 and S4) using the same method.82 By elongating the arm length (I) 
of the “Y” components, the resultant S3 and S4 have a larger diameter around 10.4 nm and11.8 
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nm, respectively. Interestingly, the dynamic ligand exchange study between two supersnowflakes 
with increasing ∆I values showed full exchange, partial exchange and no exchange (self-sorting) 
behaviors. These findings could guide the rational design and prediction for future study. 
Besides the supersnowflakes which incorporated three types of tpy-based components in a 
stepwise manner, the third generation of ST involving three types of tpy-based components was 
constructed in a similar way as well.23 The MOL was obtained by bridging two “K” components 
to the arms of a “V” component via Ru. And the self-assembly was accomplished through the self-
assembly among the MOL, “C6” component and Cd2+ in one pot.  
 
Figure 1.35 Self-assembly of a trimetallic trapezoid using stepwise strategy. (Reproduced with permission from Ref 
83. © Royal Society of Chemistry, 2017) 
 
Not only efficient in incorporation of multiple tpy-based components, the stepwise strategy 
is also useful to introducing multiple metal ions into a well-defined structure in a precisely 
controlled manner. In a recent report, a novel trapezoidal architecture featuring three different 
<tpy-M-tpy> connectivities was synthesized by a coordination-driven multicomponent self-
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assembly using the stepwise strategy.83 A pre-designed MOL was obtained by connecting a “I” 
component with only one arm of two “V” components via Ru. The other MOL was synthesized 
by connecting two “V2” components via Fe. The final structure was then constructed using the 
two different MOLs and Zn2+ through a three-component self-assembly protocol (Figure 1.35). 
This trimetallic architecture demonstrated the ease of access to complex and diverse 
supramolecular architectures possessing multiple <tpy-M-tpy> linkages within the structural 
framework, which may also boost the investigation of metal-dependent properties and applications. 
In the field of tpy-based supramolecular chemistry, precise control over the shape and size 
of the final architectures always remains as a tremendous challenge where the geometry of the 
ligand plays a critical role. As mentioned above, using a multitopic organic ligand is a quite 
straightforward approach but the synthesis is challenging along with tedious separation. 
Multicomponent self-assembly has partly solved the problem by pre-coding the geometric 
information in separated components while self-sorting may occur to prevent the clean formation 
of a specific structure due to the increased degree of freedom of multiple components. Stepwise 
strategy based on ruthenium chemistry provides alternative synthetic convenience by connecting 
tpy-based units via Ru and also introduces additional geometry restriction to the system to block 
the self-sorting. This approach shows more potential to construct giant, sophisticated and well-
defined supramolecular architectures with increasing geometric complexity and functional 
diversity.   
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CHAPTER TWO: SELF-ASSEMBLY OF SUPRAMOLECULAR FRACTALS FROM 
GENERATION 1 TO 5 
 
Note to Reader  
Portions of this chapter have been previously published in J. Am. Chem. Soc., 2018, 140, 
14087-14096; and have been reproduced with permission from ACS Publishing.  
 
2.1 Background 
As a concept coined by Mandelbrot to describe the highly symmetric geometries found in 
nature, “fractal geometry” has gradually developed into a serious subject in mathematics1,2 and has 
also boosted interest in different scientific areas such as physics, geomorphology, economics, 
biology, chemistry and materials science.3,4 With one important feature that it displays self-
similarity at different levels of magnification, fractal geometry has changed the way we perceive, 
explore and rebuild the world. In particular, chemists have endeavored efforts to demonstrate this 
concept using molecules. For instance, dendrimers as highly symmetric compounds embedding 
the character of fractal, have been extensively approached via different synthetic protocols.5,6 
Although numerous dendrimers have been reported, the synthesis of these class of molecules, 
especially the high generation of dendrimers still remains challenging. In order to express the 
fractal geometry while avoiding multi-step synthesis, surface self-assembly has been employed to 
construct fractals on substrate, especially the Sierpiński triangles (STs). Different generations of 
STs as high as the fifth have been subsequently achieved either through the formation of halogen 
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bonding, hydrogen bonding, covalent bond, or coordination interaction on surface.7-11 While on-
surface self-assembly seems to be an easy and efficient way to get different generation of STs, it 
has the disadvantages of resulting in mixtures and requiring harsh experimental conditions such as 
ultrahigh vacuum. In contrast, coordination-driven self-assembly in solution has been explored 
with more elegant manipulation over final fractal structural features under mild conditions. While 
challenges still remain in the design, synthesis and separation of pre-designed ligands. Up to now, 
only three generations of metallo-supramolecular STs and a related gasket have been constructed 
with precisely controlled shape and size.12-14 In such context, the assembly of other high generation 
of supramolecular fractals rather than Sierpiński fractals (Figure 2.1A) has emerged as a 
challenging but significant topic.  
 
Figure 2.1 Sierpiński triangle fractal (A) and supramolecular fractal geometry designed in this chapter (B). 
 
In order to demonstrate the concept of fractal by coordination-driven self-assembly, a series 
of discrete structural shapes were initially proposed to mimic the expanding symmetry. It is worth 
noting that these shapes designed display only statistical self-similarity which are not exactly 
identical at all levels in a mathematic perspective (Figure 2.1B). In the design of ligands, 
triphenylamine motifs are utilized particularly to control the geometry due to their appropriate 
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molecular rigidity and specific internal bond angles which are reported very close to 120 oC 
directionality.15 Tpy units are designed to provide coordination sites because of their excellent 
coordination ability with different metal ions. Ligands are supposed be achieved either by 
connecting of triphenylamine motifs and tpy units together directly or using stepwise strategy to 
bridge tpy-based components through <tpy−Ru(II)−tpy> connectivity. 
 
Figure 2.2 ORTEP drawing of bis(terpyridine) ligand with triphenylamine motif. (Reproduced with permission 
from Ref 15. © Royal Society of Chemistry, 2006) 
 
2.2 Experimental Section 
2.2.1 Materials and Physical Measurements 
All reagents were purchased from Sigma-Aldrich, Matrix Scientific, Fisher Scientific, 
Oakwood Chemicals, and used without further purification. Column chromatography was 
conducted using neutral Al2O3 (Brockman I, 50-200 μm, 60 Å) or SiO2 (VWR, 40-60 µm, 60 Å) 
and the separated products were visualized by UV light or testified by ESI-MS. 1H NMR and 13C 
NMR spectral data were recorded on a Bruker BioSpin GmbH 400-MHz (probe: Z104450_0395 
(PA BBO 400S1 BBF-H-D-05 Z)), Varian 500-MHz (probe: ColdProbe_TR_Z_MR1007_3900B-
12), Varian 600-MHz spectrometer. ESI-MS was conducted on Waters Synapt G2 mass 
spectrometer with traveling wave ion mobility. The IM-MS experiments for complexes were 
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performed under the following conditions: ESI capillary voltage, 3.0 kV; sample cone voltage, 15 
V; extraction cone voltage, 0.5 V;  source temperature 100 ºC; desolvation temperature, 100 ºC; 
cone gas flow, 10 L/h; desolvation gas flow, 700 L/h (N2);  source gas control, 0 mL/min; trap gas 
control, 2 mL/min; Helium cell gas control, 100 mL/min; ion mobility (IM) cell gas control, 30 
mL/min;  sample flow rate, 5 μL/min;  IM traveling wave height, 25 V; and IM traveling wave 
velocity, 1000 m/s. Electronic absorption experiments were conducted on a HORIBA 
FLUOROMAX-4C-L. 
CV: Cyclic voltammetry measurements were performed on a WaveDrive 10 potentiostat 
with a standard three-electrode configuration using a platinum button working electrode, a 
platinum flag counter electrode and a saturated calomel electrode reference electrode. The 
electrochemical properties of these five complexes in DMF (10-5 M) were studied in a three-
electrode electrochemical cell with Bu4NPF6 (0.1 M) as electrolyte.  
Molecular model: Energy minimization of the macrocycles was conducted with Materials 
Studio version 4.2, using the Anneal and Geometry Optimization tasks in the Forcite module 
(Accelrys Software, Inc.). All counterions and alkyl chain were omitted. Geometry optimization 
used a universal force field with atom-based summation and cubic spline truncation for both the 
electrostatic and Van der Waals parameters. 
TEM: The sample solutions (0.5 mg/mL in DMF) were drop cast on copper grids (carbon 
coated 400 mesh Cu grids purchased from www.2spi.com) and the extra solution was absorbed by 
filter paper to avoid aggregation. The grid was then washed with three drops of methanol to remove 
DMF. The nanostructures were formed by diffusing THF into the sample solution (5.0 mg/mL in 
DMF) slowly and the mixture were drop cast on copper grids directly. The TEM images were all 
taken with a FEI Morgagni transmission electron microscope. 
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STM: The sample solution (0.2 mg/mL in DMSO) was dropped on freshly cleaved HOPG 
surface. After 30 seconds, the surface was washed slightly with water for three times and spin-
coated for 30 minutes to make sure that the molecules were uniformly distributed on the HOPG 
surface dried in room temperature. The STM images were taken with a PicoPlus SPM system with 
a PicoScan 3000 Controller. The obtained STM images were processed by WSxM software. 
 
2.2.2 Synthesis of Ligands LA-LE 
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Figure 2.3 Synthesis of terpyridine precursors. 
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Figure 2.4 Synthesis of 2-L and 2-LA. 
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Figure 2.5 Synthesis of 2-LB. 
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Figure 2.6 Synthesis of 2-LC. 
 
Figure 2.7 Synthesis of 2-LD. 
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Figure 2.8 Synthesis of 2-LE. 
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Compound 2-1. Compound 2-1 was synthesized according to a literature method.16 To a 
flask containing NaOH (4.8 g, 120 mmol) in EtOH (150 mL), 3-bromobenzaldehyde (3.7 g, 20 
mmol) and 2-acetylpyridine (5.3 g, 44 mmol) were subsequently added. After stirring at room 
temperature overnight, aqueous NH3•H2O (37 %, 150 mL) was added and the mixture was heated 
at 60 ºC overnight. After cooling down to room temperature, the precipitate was filtered under 
vacuum and washed with ethanol to give 2-1 as a white power (4.8 g, 62% yield). 1H NMR (500 
MHz, CDCl3, 300 K) δ 8.73 (s, 2H, tpy-H3',5'), 8.69-8.62 (m, 4H, tpy-H6,6'', tpy-H3,3''), 8.04 (s, 1H, 
Ph-Hd), 7.90-7.88 (m, 2H, tpy-H4,4''), 7.81 (d, J = 7.9 Hz, 1H, Ph-Ha), 7.58 (d, J = 8.1 Hz, 1H, Ph-
Hc), 7.41-7.36 (m, 3H, tpy-H5,5'', Ph-Hb). 13C NMR (125 MHz, CDCl3, 300 K) δ 156.06, 155.96, 
149.13, 148.83, 140.64, 136.89, 131.92, 130.42, 130.26, 126.00, 123.94, 123.10, 121.36, 118.77. 
ESI-TOF (m/z): Calcd. [C21H14BrN3 + H]+ for: 388.04, found: 388.02. 
Compound 2-2. Compound 2-2 was synthesized according to a literature method.17 A 
mixture of compound 2-1 (3.9 g, 10.0 mmol), Pd(PPh3)2Cl2 (250 mg, 0.35 mmol) and copper(I) 
iodide (53 mg, 0.28 mmol) was degassed under nitrogen for three times. After that, 30 mL 
anhydrous THF, 45 mL anhydrous Et3N and ethynyltrimethylsilane (2.5 mL, 18 mmol) was added 
and then the mixture was stirred at 60 oC overnight. After cooling down to room temperature, 
solvent was removed, and the residue was extracted with CHCl3. The combined organic phase was 
washed with brine and dried over anhydrous Na2SO4. After removal of solvent under vacuum, the 
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residue was purified by column chromatography on silica gel with chloroform: ethanol (100:1) as 
eluent to afford a white solid (3.4 g, 84% yield). 1H NMR (400 MHz, CDCl3, 300 K) δ 8.76 – 8.73 
(m, 2H, tpy-H6,6'') δ 8.74 (s, 2H, tpy-H3',5'), 8.68 (dq, J = 8.0, 1.3 Hz, 2H, tpy-H3,3''), 8.02 (s, 1H, 
Ph-Hd), 7.93-7.80 (m, 3H, tpy-H4,4'', Ph-Ha), 7.55 (dt, J = 7.7, 1.4 Hz, 1H, Ph-Hc), 7.50 – 7.42 (m, 
1H, Ph-Hb), 7.39 – 7.33 (m, 2H, tpy-H5,5''), 0.29 (s, 9H). 13C NMR (100 MHz, CDCl3, 300 K) δ 
156.09, 155.97, 149.52, 149.12, 138.63, 136.91, 132.35, 130.81, 128.84, 127.45, 123.90, 121.39, 
118.83, 104.59, 94.91, -0.03. ESI-TOF (m/z): Calcd. [C26H23N3Si + H]+ for: 406.17, found: 
406.14.found: 406.14. 
Compound 2-3. Compound 2-3 was also synthesized according to a literature method.17 To 
a flask containing solution of compound 2-2 (3.4 g, 8.4 mmol) in CHCl3 (30 mL) and MeOH (30 
mL), K2CO3 (4.6 g, 33.5 mmol) was added. The mixture was stirred at room temperature for 4 h 
and then extracted with CHCl3.  The combined organic phase was washed with brine and dried 
with anhydrous Na2SO4. After removal of solvent under vacuum, the crude was purified by column 
chromatography on silica gel with chloroform: ethanol (100:1) as eluent to afford the product as a 
light-yellow solid (2.6 g, 93 % yield). 1H NMR (500 MHz, CDCl3, 300 K) δ 8.77 – 8.71 (m, 4H, 
tpy-H6,6'', tpy-H3',5') δ 8.68 (dt, J = 7.9, 1.1 Hz, 2H, tpy-H3,3''), 8.05 (s, 1H, Ph-Hd), 7.96-7.83 (m, 
3H, tpy-H4,4'', Ph-Ha), 7.58 (dt, J = 7.7, 1.4 Hz, 1H, Ph-Hc), 7.47 (t, 1H, Ph-Hb), 7.39 – 7.33 (m, 
2H, tpy-H5,5''), 3.15 (s, 1H). 13C NMR (125 MHz, CDCl3, 300 K) δ 156.06, 156.03, 149.31, 149.13, 
138.78, 136.88, 132.50, 130.98, 128.96, 127.77, 123.91, 122.87, 121.35, 118.80, 83.25, 77.78. 
ESI-TOF (m/z): Calcd. [C23H15N3 + H]+ for: 334.13, found: 334.13. 
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Compound 2-4. Compound 2-4 was synthesized according to a literature method.18 2-
hydroxyl-5-bromo benzaldehyde (5.0 g, 25.0 mmol) was dissolved in DMF (25 mL).1-
bromohexane (4.5 g, 27.5 mmol), K2CO3 (6.9 g, 50.0 mmol) were added and the mixture was 
heated at 110 °C overnight. The reaction mixture was cooled to room temperature and extracted 
with ethyl acetate.  The crude product was purified by a silica gel column chromatography with 
ethyl acetate: hexane (1:3) to afford the product as light yellow oil (4.5g, 92% yield).1H NMR (400 
MHz, CDCl3, 300 K) δ 10.42 (s, 1H, CHO-H), 7.92 (d, J = 2.8 Hz, 1H, Ph-Hc), 7.59 (ddd, J = 8.9, 
2.6, 0.4 Hz, 1H, Ph-Ha), 6.87 (d, J = 8.9 Hz, 1H, Ph-Hb), 4.07 (t, J = 6.4 Hz, 2H), 1.85 – 1.76 (m, 
2H), 1.55 – 1.43 (m, 2H), 1.38 – 1.32 (m, 4H), 0.90 (t, J = 6.3 Hz, 3H). 13C NMR (100 MHz, 
CDCl3) δ 188.36, 160.42, 138.21, 130.77, 126.16, 114.58, 113.18, 69.00, 31.45, 28.93, 25.65, 
22.53, 13.86.  
Compound 2-5. Compound 2-5 was synthesized using the same method as compound 2-1. 
To a flask containing NaOH (3.2 g, 80 mmol) in EtOH (100 mL), compound 2-4 (4.3 g, 15 mmol) 
and 2-acetylpyridine (5.3 g, 44 mmol) were subsequently added. After stirring at room temperature 
overnight, aqueous NH3•H2O (37 %, 60 mL) was added and the mixture was heated at 60 ºC 
overnight. After cooling down to room temperature, the precipitate was filtered under vacuum and 
washed with ethanol and ethyl ether to give 2-5 as a yellow power (4.2 g, 68% yield). 1H NMR 
(400 MHz, CDCl3, 300K) δ 8.87 – 8.50 (m, 6H, tpy-H6,6’’, tpy-H3,3’’, tpy-H3’,5’), 7.85 (td, J = 7.7, 
65 
 
1.8 Hz, 2H, tpy-H4,4’’), 7.68 (d, J = 2.5 Hz, 1H, Hc), 7.44 (dd, J = 8.7, 2.5 Hz, 1H, Hb), 7.32 (ddd, 
J = 7.5, 4.8, 1.2 Hz, 0H), 6.86 (d, J = 8.7 Hz, 2H, tpy-H5,5’’), 3.97 (t, J = 6.2 Hz, 2H), 1.69 (dt, J = 
14.4, 6.3 Hz, 2H), 1.37 (m, 2H), 1.13 (m, 4H), 0.72 (t, J = 6.9 Hz, 3H). 13C NMR (100 MHz, 
CDCl3, 300K) δ 156.28, 155.46, 155.20, 149.06, 146.98, 136.70, 132.91, 132.37, 130.29, 123.61, 
121.59, 121.15, 113.93, 112.81, 68.81, 31.46, 29.02, 25.71, 22.31, 13.88. ESI-TOF (m/z): Calcd. 
[C27H26BrN3O +H]+ for 488.13, found: 488.12. 
Compound 2-6. A mixture of compound 2-5 (4.0 g, 8 mmol), Pd(PPh3)2Cl2 (245 mg, 0.34 
mmol) and copper(I) iodide (47 mg, 0.25 mmol) was degassed under nitrogen for three times. After 
that, 40 mL anhydrous THF, 20 mL anhydrous Et3N and ethynyltrimethylsilane (2.5 mL, 18 mmol) 
was added and then the mixture was stirred at 60 oC overnight. After cooling down to room 
temperature, solvent was removed under vacuum, and the residue was extracted with CH2Cl2. The 
combined organic phase was washed with brine and dried over Na2SO4. After removal of solvent 
under vacuum, the residue was purified by column chromatography on silica gel with DCM: 
methanol (100:1) as eluent to afford a yellow solid (3.2 g, 83 % yield). 1H NMR (400 MHz, CDCl3, 
300 K) δ 8.72 – 8.64 (m, 6H, tpy-H6,6'', tpy-H3',5', tpy-H3,3''), 7.86 (td, J = 7.7, 1.8 Hz, 2H, tpy-H4,4’’), 
7.71 (d, J = 2.1 Hz, 1H, Hc), 7.48 (dd, J = 8.8, 2.1 Hz, 1H, Hb), 7.37 – 7.28 (m, 2H, tpy-H5,5’’), 6.91 
(d, J = 8.5 Hz, 1H, Ha), 4.02 (t, J = 6.2 Hz, 2H), 1.70 (dt, J = 12.0, 6.3 Hz, 2H), 1.44 – 1.29 (m, 
2H), 1.21 – 1.03 (m, 4H), 0.72 (t, J = 7.0 Hz, 3H). 0.26 (s, 9H).  13C NMR (100 MHz, CDCl3, 300 
K) δ 156.49, 156.35, 155.08, 149.01, 147.47, 136.65, 134.21, 133.67, 128.29, 123.53, 121.68, 
121.13, 115.34, 111.87, 104.83, 92.90, 68.54, 31.45, 28.99, 25.70, 22.28, 13.86, 0.03. ESI-TOF 
(m/z): Calcd. [C32H35N3OSi + H]+ for: 506.26, found: 506.26. 
Compound 2-7. To a flask containing solution of compound 2-6 (2.4 g, 4.8 mmol) in CHCl3 
(40 mL) and MeOH (40 mL), K2CO3 (2.1 g, 15 mmol) was added. The mixture was stirred at room 
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temperature for 4 h and extracted with CHCl3.  The combined organic phase was washed with 
brine and dried with anhydrous Na2SO4. After removal of solvent under vacuum, the crude was 
purified by column chromatography on silica gel with chloroform: methanol (100:1) as eluent to 
afford the product as reported5 as a light-yellow solid (1.6 g, 89% yield). 1H NMR (400 MHz, 
CDCl3, 300K) δ 8.72 – 8.68 (m, 2H, , tpy-H6,6’’), 8.67 (s, 2H, tpy-H3’,5), 8.66 (dt, J = 8.0, 1.1 Hz, 
2H, tpy-H3,3’’), 7.85 (ddd, J = 8.0, 7.5, 1.8 Hz, 2H, tpy-H4,4’’), 7.73 (d, J = 2.1 Hz, 1H, Hc), 7.50 
(dd, J = 8.5, 2.1 Hz, 1H, Hb), 7.31 (ddd, J = 7.5, 4.8, 1.2 Hz, 2H, tpy-H5,5’’), 6.93 (d, J = 8.6 Hz, 
1H, Ha), 4.01 (t, J = 6.2 Hz, 2H), 3.04 (s, 1H), 1.71 (ddt, J = 9.3, 7.9, 6.2 Hz, 2H), 1.48 – 1.32 (m, 
2H), 1.25 – 1.00 (m, 4H), 0.72 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz, CDCl3, 300K) δ 156.89, 
156.53, 155.31, 149.20, 147.53, 136.80, 134.46, 133.97, 128.53, 123.71, 121.84, 121.29, 114.39, 
112.18, 83.50, 76.34, 68.76, 31.62, 29.16, 25.86, 22.44, 14.01. ESI-TOF (m/z): Calcd. [C29H27N3O 
+H]+ for 434.22, found 434.22. 
 
Compound 2-8. Compound 2-8 was synthesized according to a literature method.19 ρ-
bromophenol (34.6 g, 0.2 mol) was dissolved in an aqueous solution of NaOH (25%, 50 mL) and 
methanol (50 mL) with formaldehyde (38%, 180 mL) was added subsequently. The mixture was 
stirred for 12 days at room temperature. Then, a mixture of water (100 mL) and acetic acid (30 
mL) was added. The reaction mixture was stirred for 8 h at room temperature to give a white 
precipitate. The precipitate was filtrated and dissolved in 10% aqueous NaOH. After that, the 
solution was acidified with 2 M HCl to give 4-bromo-2,6-bis(hydroxymethyl)phenol as a white 
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powder. A mixture of the white powder (6.0 g, 26 mmol), 1-bromohexane (5.1 g, 31mmol), K2CO3 
(7.2 g, 52 mmol) in 200 mL methyl ethyl ketone was refluxed under N2 overnight. The mixture 
was then cooled to room temperature and extracted with DCM.  After removal of solvent under 
vacuum, a white residue was obtained. The white residue, PCC (11.8 g, 75 mmol) and celite (10 
g) were dissolved in DCM (200 mL), and the mixture was stirred for 4 h at room temperature. The 
solution was filtered and poured onto silica gel column with DCM as eluent to afford 5-bromo-2-
(hexyloxy)benzene-1,3-dialdehyde as a white solid (11.2 g, 86% yield).  1H NMR (400 MHz, 
CDCl3, 300 K) δ 10.32 (s, 2H, CHO-H), 8.16 (s, 2H, Ph-Ha), 4.11 (t, J = 6.4 Hz, 2H), 1.87 (m, 2H), 
1.56 – 1.45 (m, 2H), 1.40 – 1.35 (m, 4H), 0.90 (t, J = 6.4 Hz, 3H). 13C NMR (100 MHz, CDCl3, 
300 K) δ 187.08, 163.34, 137.24, 131.76, 118.29, 81.04, 31.48, 29.85, 25.45, 22.49, 13.94.  
Compound 2-9. To a flask containing NaOH (4.8 g, 120 mmol) in EtOH (150 mL), 
compound 2-8 (3.0 g, 10 mmol) and 2-acetylpyridine (5.3 g, 44 mmol) were subsequently added. 
After stirring at room temperature for two days, aqueous NH3•H2O (37 %, 150 mL) was added and 
the mixture was heated at 60 ºC for another two days to give a yellow precipitate. After cooling 
down to room temperature, the precipitate was filtered under vacuum and washed with ethanol to 
give 2-9 as a white power (2.8 g, 39 % yield). 1H NMR (500 MHz, CDCl3, 300 K) δ 8.77 (s, 4H, 
tpy-H3',5'), 8.75 (dd, J = 4.9, 1.6 Hz, 4H, tpy-H6,6''), 8.69 (d, J = 7.9 Hz, 4H, tpy-H3,3''), 7.89 (td, J 
= 7.9, 1.8 Hz, 4H, tpy-H4,4''), 7.77 (s, 2H, Ph-Ha), 7.36 (ddd, J = 7.4, 4.8, 1.2 Hz, 4H, tpy-H5,5''), 
3.34 (t, J = 6.0 Hz, 2H), 1.16 (dq, J = 11.8, 6.3 Hz, 2H), 0.92-0.89 (m, 2H), 0.74-0.71 (m, 4H), 
0.48 (t, J = 6.7 Hz, 3H). 13C NMR (125 MHz, CDCl3, 300 K) δ 156.05, 155.53, 153.93, 149.18, 
147.05, 136.80, 135.83, 133.63, 123.81, 121.42, 121.23, 117.02, 74.29, 31.26, 29.67, 25.36, 22.08, 
13.74. ESI-TOF (m/z): Calcd. [C42H35BrN6O + H ]+ for: 719.21, found: 719.21. 
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Compound 2-10. A mixture of compound 2-9 (2.51 g, 3.5 mmol), Pd(PPh3)2Cl2 (125 mg, 
0.17 mmol) and copper(I) iodide (26 mg, 0.14 mmol) was degassed under nitrogen for three times. 
After that, 30 mL anhydrous THF, 15 mL anhydrous Et3N and ethynyltrimethylsilane (2 mL, 14 
mmol) was added and then the mixture was stirred at 60 ºC overnight and then cooled to room 
temperature. The solvent was removed, and the residue was extracted with CHCl3. The combined 
organic phase was washed with brine and dried over Na2SO4. After removal of solvent under 
vacuum, the residue was purified by column chromatography on silica gel with chloroform: 
ethanol (100:1) as eluent to afford a yellow solid (2.4 g, 93 % yield). 1H NMR (400 MHz, CDCl3, 
300 K) δ 8.79 (s, 4H, tpy-H3',5'), 8.75 (ddd, J = 4.8, 1.8, 0.9 Hz, 4H, tpy-H6,6''), 8.69 (dt, J = 7.9, 
1.1 Hz, 4H, tpy-H3,3''), 7.88 (ddd, J = 8.0, 7.5, 1.8 Hz, 4H, tpy-H4,4''), 7.78 (s, 2H, Ph-Ha), 7.35 
(ddd, J = 7.5, 4.8, 1.2 Hz, 4H, tpy-H5,5''), 3.36 (t, J = 6.1 Hz, 2H), 1.18 (dt, J = 14.5, 6.1 Hz, 2H), 
0.91 (p, J = 7.9 Hz, 2H), 0.79 – 0.66 (m, 4H), 0.49 (t, 3H), 0.28 (s, 9H, TMS- Hb). 13C NMR (100 
MHz, CDCl3, 300 K) δ 156.18, 155.45, 154.99,149.16, 147.67, 136.81, 134.73, 134.07, 123.76, 
121.58, 121.27, 119.50, 103.97, 94.73, 74.34, 31.29, 29.71, 25.39, 22.10, 13.75, 0.03. ESI-TOF 
(m/z): Calcd. [C47H44N6OSi + H]+ for: 737.34, found: 737.30. 
Compound 2-11. To a flask containing solution of compound 2-10 (2.4 g, 3.4 mmol) in 
CHCl3 (30 mL) and MeOH (30 mL), K2CO3 (1.24 g, 13.6 mmol) was added. The mixture was 
stirred at room temperature for 4 h. The reaction mixture was extracted with CHCl3, and the 
combined organic phase was washed with brine and dried with anhydrous Na2SO4. After removal 
of solvent under vacuum, the crude was purified by column chromatography on silica gel with 
chloroform: ethanol (100:1) as eluent to afford the product as a light-yellow solid (1.9 g, 84% 
yield). 1H NMR (400 MHz, CDCl3, 300 K) δ 8.79 (s, 4H, tpy-H3',5'), 8.74 (ddd, J = 4.8, 1.8, 0.9 Hz, 
4H, tpy-H6,6''), 8.69 (dt, J = 7.9, 1.1 Hz, 4H, tpy-H3,3''), 7.88 (ddd, J = 8.0, 7.5, 1.8 Hz, 4H, tpy-
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H4,4''), 7.80 (s, 2H, Ph-Ha), 7.35 (ddd, J = 7.5, 4.8, 1.2 Hz, 4H, tpy-H5,5''), 3.38 (t, J = 6.1 Hz, 2H), 
3.12 (s, 1H, yne-Hb), 1.28 – 1.09 (m, 2H), 0.91 (p, J = 7.4 Hz, 2H), 0.73 (ddd, J = 6.5, 4.1, 1.7 Hz, 
4H), 0.49 (t, 3H). 13C NMR (100 MHz, CDCl3, 300 K) δ 156.14, 155.50, 155.27, 149.16, 147.52, 
136.78, 134.86, 131.87, 128.52, 123.76, 121.54, 121.23 ,118.36, 77.61, 74.37, 31.28, 29.70, 25.37, 
22.09, 13.74. ESI-TOF (m/z): Calcd. [C44H36N6O + H]+ for: 665.30, found: 665.27. 
 
Compound 2-12. Compound 2-12 was synthesized according to the literature report.20 A 
solution of N-bromosuccinimide (5.3 g, 28.6 mmol) in DMF (30 mL) was added dropwise to a 
stirred solution of diphenylamine (2.5 g, 14.8 mmol) in DMF (20 mL) at 0 °C. The resulting 
solution continued to be stirred at 0 °C for 6 h. Water then was added to bring the product out of 
solution. The precipitate was filtered and dried under vacuum to afford the product as a white 
powder (3.9 g, 81% yield). 1H NMR (500 MHz, CDCl3, 300 K) δ 7.36 (d, J = 8.8 Hz, 4H, Ph-Ha), 
6.92 (d, J = 8.8 Hz, 4H, Ph-Hb). 13C NMR (125 MHz, CDCl3, 300 K) δ 141.67, 132.28, 119.47, 
113.36. ESI-TOF (m/z): Calcd. [C12H9Br2N + H]+ for: 325.92, found: 325.91. 
Compound 2-13. Compound 2-12 (1.95 g, 6.0 mmol), Pd(PPh3)2Cl2 (62 mg, 0.08 mmol) 
and copper(I) iodide (9.5 mg, 0.05 mmol) was degassed under nitrogen for three times. After that, 
anhydrous THF (30 mL), anhydrous Et3N (30 mL) and ethynyltrimethylsilane (3.2 mL, 20 mmol) 
was added and then the mixture was stirred at 60 ºC for 2 days. The solvent was removed, and the 
residue was extracted with CH2Cl2. The combined organic phase was washed with brine and dried 
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over Na2SO4. After removal of solvent under vacuum, the residue was purified by column 
chromatography on silica gel with CH2Cl2: hexane (1:1) as eluent to afford the product as a brown 
solid (1.25 g, 58% yield). 1H NMR (500 MHz, CDCl3, 300 K) δ 7.37 (d, J = 8.6 Hz, 4H, Ph-Ha), 
6.97 (d, J = 8.6 Hz, 4H, Ph-Hb), 0.24 (s, 18H).13C NMR (125 MHz, CDCl3, 300 K) δ 142.32, 
133.30, 117.24, 115.53, 105.31, 92.80, 0.07. ESI-TOF (m/z): Calcd. [C22H27NSi2 + H]+ for: 362.18, 
found: 362.14. 
Compound 2-14. Compound 2-13 (288 mg, 0.8 mmol), Compound 2-9 (1.44 g, 2.0 mmol), 
Pd(PPh3)4 (74.2 mg, 0.06 mmol) and copper(I) iodide (9.5 mg, 0.05 mmol) was degassed under 
nitrogen for three times. After that, 30 mL anhydrous THF, 30 mL anhydrous Et3N was added and 
then the mixture was stirred at 70 ºC for a while. TBAF (2 mmol, 1M in THF, 2 mL) was added 
and the reaction mixture was stirred at 70 ºC for 2 days. The solvent was removed, and the residue 
was extracted with CHCl3. The combined organic phase was washed with brine and dried with 
anhydrous Na2SO4. After removal of solvent under vacuum, the crude was purified by column 
chromatography on silica gel with chloroform: methanol (100:1) as eluent to afford the product as 
a yellow solid (500 mg, 42 % yield). 1H NMR (500 MHz, CDCl3, 300 K) δ 8.82 (s, 8H, tpy-H3',5'), 
8.78 – 8.74 (m, 8H, tpy-H6,6''), 8.70 (d, J = 7.9 Hz, 8H, tpy-H3,3''), 7.89 (td, J = 7.7, 1.8 Hz, 8H, 
tpy-H4,4''), 7.82 (s, 4H, Ph-Ha), 7.47 (d, J = 8.3 Hz, 4H, Ph-Hb), 7.36 (ddd, J = 7.5, 4.8, 1.2 Hz, 8H, 
tpy-H5,5''), 7.08 (d, J = 8.3 Hz, 4H, Ph-Hc), 3.38 (t, J = 6.2 Hz, 4H), 1.19 (dq, J = 11.5, 6.2 Hz, 
4H), 0.92 (m,4H), 0.74 (m, 8H), 0.49 (t, J = 6.6 Hz, 6H). 13C NMR (125 MHz, CDCl3, 300 K) δ 
156.16, 155.41, 155.29, 154.49, 149.15, 147.80, 142.29, 136.84, 134.10, 132.93, 123.76, 121.64, 
121.28, 120.03, 117.45, 115.44, 90.18, 87.43, 74.33, 31.32, 29.74, 25.43, 22.12, 13.79. ESI-TOF 
(m/z): Calcd. [C100H79N13O2 + 2H]2+ for: 747.83, found: 747.79. 
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Compound 2-15. Compound 2-15 was synthesized according to a literature method.21 To a 
flask containing solution of compound 2-14 (448 mg, 0.3 mmol) in toluene (25 mL), 1,4-
diodobenzene (3.29 mg, 1.0 mmol), 1,10-phenathroline (5.4 mg, 0.03 mmol), copper(I) iodide (5.7 
mg, 0.03 mmol), potassium hydroxide (170 mg, 3.2 mmol) were added. The mixture was refluxed 
for 2 days. Then the reaction mixture was extracted with CH2Cl2, and the combined organic phase 
was washed with brine and dried with anhydrous Na2SO4. After removal of solvent under vacuum, 
the crude was purified by column chromatography on silica gel with with chloroform: methanol 
(100:1) as eluent to afford the product as a yellow solid (120 mg, 24 % yield). 1H NMR (500 MHz, 
CDCl3, 300 K) δ 8.81 (s, 8H, tpy-H3',5'), 8.77 – 8.74 (m, 8H, tpy-H6,6''), 8.70 (d, J = 8.0 Hz, 8H, 
tpy-H3,3''), 7.89 (td, J = 7.7, 1.8 Hz, 8H, tpy-H4,4''), 7.83 (s, 4H, Ph-Ha), 7.58 (d, J = 8.7 Hz, 2H, 
Ph-Hd), 7.45 (d, J = 8.7 Hz, 4H, Ph-Hb), 7.36 (ddd, J = 7.5, 4.8, 1.2 Hz, 8H, tpy-H5,5''), 7.07 (d, J 
= 8.7 Hz, 4H, Ph-Hc), 6.91 (d, J = 8.7 Hz, 2H, Ph-He), 3.38 (t, J = 6.0 Hz, 4H), 1.19 (dd, J = 9.1, 
5.9 Hz, 4H), 0.92 (t, J = 7.7 Hz, 4H), 0.73 (dt, J = 6.5, 2.8 Hz, 8H), 0.49 (t, J = 6.7 Hz, 6H). 13C 
NMR (125 MHz, CDCl3, 300 K) δ 156.18, 155.45, 154.67, 149.17, 147.72, 146.66, 146.59, 138.44, 
136.78, 134.21, 134.15, 132.79, 126.78, 123.75, 123.69, 121.58, 121.23, 119.73, 117.65, 89.75, 
88.29, 86.88, 74.34, 31.30, 29.72, 25.41, 22.11, 13.78. ESI-TOF (m/z): Calcd. [C106H82IN13O2 + 
2H]2+ for: 848.80, found: 848.76. 
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Compound 2-16. Compound 2-16 was synthesized according to a literature method.21,22 To 
a flask containing solution of compound 2-12 (3.25 g, 10.0 mmol), 1-(hexyloxy)-4-iodobenzene 
(3.95 g, 13 mmol), 1,10-phenathroline (142 mg, 0.8 mmol), copper(I) chloride (80 mg, 0.8 mmol) 
in toluene (25 mL), potassium hydroxide (4.82 g, 86 mmol) was added. The mixture was refluxed 
for 2 days. Then the reaction mixture was extracted with CH2Cl2, and the combined organic phase 
was washed with brine and dried with anhydrous Na2SO4. After removal of solvent under vacuum, 
the crude was purified by column chromatography on silica gel with CH2Cl2: hexane (1:3) as eluent 
to afford the product as a light yellowish oil (2.4 g, 48% yield). 1H NMR (400 MHz, CDCl3, 300 
K) δ 7.35 – 7.27 (m, 4H, Ph-Ha), 7.07 – 6.99 (m, 2H, Ph-Hc), 6.95 – 6.87 (m, 4H, Ph-Hb), 6.87 – 
6.80 (m, 2H, Ph-Hd), 3.94 (t, J = 6.5 Hz, 2H), 1.79 (dq, J = 7.9, 6.6 Hz, 2H), 1.53 – 1.42 (m, 2H), 
1.40 – 1.31 (m, 4H), 0.93 (t, 3H). 13C NMR (100 MHz, CDCl3, 300 K) δ 156.34, 146.81, 139.44, 
132.11, 127.39, 124.20, 115.56, 114.45, 68.26, 31.57, 29.26, 25.73, 22.59, 14.02. ESI-TOF (m/z): 
Calcd. [C24H25Br2NO + H]+ for: 502.04, found: 502.04. 
Compound 2-17. Compound 2-16 (2.2 g, 4.4 mmol), Compound 2-3 (932 mg, 2.8 mmol), 
Pd(PPh3)4 (254 mg, 0.22 mmol) and copper(I) iodide (33 mg, 0.18 mmol) was degassed under 
nitrogen for three times. After that, 50 mL anhydrous THF, 50 mL anhydrous Et3N was added and 
then the mixture was stirred at 70 oC overnight. Ethynyltrimethylsilane (1.8 mL, 12 mmol) was 
added and the reaction mixture continued to be stirred at 70 oC for another day. The solvent was 
removed, and the residue was extracted with CHCl3. The combined organic phase was washed 
with brine and dried with anhydrous Na2SO4. After removal of solvent under vacuum, the crude 
was purified by column chromatography on silica gel with chloroform: methanol (100:1) as eluent 
to afford the product as a yellow solid (900 mg, 42% yield). 1H NMR (500 MHz, CDCl3, 300 K) δ 
8.78 – 8.72 (m, 4H, tpy-H3',5', tpy-H6,6''), 8.69 (dd, J = 8.0, 1.1 Hz, 2H, tpy-H3,3''), 8.07 (dt, J = 3.4, 
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1.7 Hz, 1H, Ph-Hd), 7.89 (td, J = 7.7, 1.8 Hz, 2H, tpy-H4,4''), 7.85 (dt, J = 7.8, 1.5 Hz, 1H, Ph-Ha), 
7.59 (dt, J = 7.7, 1.3 Hz, 1H, Ph-Hc), 7.51 – 7.45 (m, 1H, Ph-Hb), 7.41 (d, J = 8.6 Hz, 2H, Ph-Hf), 
7.37 (ddd, J = 7.5, 4.8, 1.2 Hz, 2H, tpy-H5,5''), 7.32 (d, J = 8.7 Hz, 2H, Ph-Hj), 7.06 (d, J = 8.9 Hz, 
2H, Ph-Hg), 7.00 (d, J = 8.6 Hz, 2H, Ph-Hi), 6.97 (d, J = 8.6 Hz, 2H, Ph-He), 6.86 (d, J = 8.9 Hz, 
2H, Ph-Hh), 3.95 (t, J = 6.5 Hz, 2H), 1.88 – 1.72 (m, 2H), 1.52 – 1.42 (m, 2H), 1.35 (dq, J = 7.6, 
3.7 Hz, 4H), 0.92 (t, J = 3.7 Hz, 3H), 0.24 (s, 9H). 13C NMR (125 MHz, CDCl3, 300 K) δ 156.56, 
155.88, 155.78, 149.64, 148.93, 147.58, 147.52, 139.11, 138.56, 137.11, 132.94, 132.62, 131.88, 
130.27, 128.96, 127.93, 126.90, 124.36, 123.95, 122.27, 122.19, 122.16, 121.50, 118.95, 116.20, 
116.09, 115.51, 105.29, 93.20, 90.27, 88.39, 68.23, 31.58, 29.26, 25.73, 22.60, 14.03, 0.05. ESI-
TOF (m/z): Calcd. [C52H48N4OSi + H]+ for: 773.37, found: 773.33. 
Compound 2-18. To a flask containing solution of compound 2-17 (800 mg, 1.0 mmol) in 
CHCl3 (30 mL) and MeOH (30 mL), K2CO3 (552 mg, 4 mmol) was added. The mixture was stirred 
at room temperature for 4 h and then extracted with CHCl3. The combined organic phase was 
washed with brine and dried with anhydrous Na2SO4. After removal of solvent under vacuum, the 
crude was purified by column chromatography on silica gel with chloroform: ethanol (100:1) as 
eluent to afford the product as a yellow solid (620 mg, 89% yield). 1H NMR (500 MHz, CDCl3, 
300 K) δ 8.78 – 8.72 (m, 1H, tpy-H3',5', tpy-H6,6''), 8.69 (dd, J = 8.0, 1.1 Hz, 2H, tpy-H3,3''), 8.07 (t, 
J = 1.7 Hz, 1H, Ph-Hd), 7.89 (td, J = 7.7, 1.8 Hz, 2H, tpy-H4,4''), 7.86 – 7.82 (m, 1H, Ph-Ha), 7.59 
(dt, J = 7.6, 1.3 Hz, 1H, Ph-Hc), 7.49 (m, 1H, Ph-Hb), 7.44 (d, J = 8.7 Hz, 2H, Ph-Hf), 7.37 (ddd, 
J = 7.5, 4.8, 1.2 Hz, 2H, tpy-H5,5''), 7.35 (d, J = 8.7 Hz, 2H, Ph-Hj), 7.07 (d, J = 8.9 Hz, 2H, Ph-
Hg), 7.02 (d, J = 8.7 Hz, 2H, Ph-Hi), 6.99 (d, J = 8.7 Hz, 2H, Ph-He), 6.87 (d, J = 9.0 Hz, 2H, Ph-
Hh), 3.95 (t, J = 6.5 Hz, 2H), 3.03 (s, 1H), 1.86 – 1.72 (m, 2H), 1.52 – 1.43 (m, 2H), 1.35 (m, 4H), 
0.92 (t, J = 3.7 Hz, 3H). 13C NMR (125 MHz, CDCl3, 300 K) δ 156.65, 156.13, 156.00, 149.61, 
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149.14, 147.90, 147.47, 139.08, 138.72, 136.89, 133.08, 132.64, 131.85, 130.31, 128.95, 128.04, 
126.91, 124.35, 123.89, 122.32, 122.08, 121.38, 118.84, 116.26, 115.56, 115.00, 90.20, 88.44, 
83.84, 76.28, 68.26, 31.59, 29.28, 25.75, 22.61, 14.04. ESI-TOF (m/z): Calcd. [C49H40N4O + H]+ 
for: 701.33, found: 701.31. 
 
Compound 2-19. Compound 2-16 (2.51 g, 5.0 mmol), Pd(PPh3)2Cl2 (62 mg, 0.08 mmol) 
and copper(I) iodide (9.5 mg, 0.05 mmol) was degassed under nitrogen for three times. After that, 
40 mL anhydrous THF, 30 mL anhydrous Et3N and ethynyltrimethylsilane (3.6 mL, 24 mmol) was 
added and then the mixture was stirred at 70 ºC for 2 days and then cooled to room temperature. 
The solvent was removed, and the residue was extracted with CH2Cl2. The combined organic phase 
was washed with brine and dried over Na2SO4. After removal of solvent under vacuum, the residue 
was purified by column chromatography on silica gel with CH2Cl2: hexane (1:3) as eluent to afford 
the product as a light yellowish oil (2.3 g, 86 % yield). 1H NMR (400 MHz, CDCl3, 300 K) δ 7.33 
– 7.27 (m, 4H, Ph-Ha), 7.05 – 6.98 (m, 2H, Ph-Hc), 6.95 – 6.89 (m, 4H, Ph-Hb), 6.88 – 6.81 (m, 
2H, Ph-Hd), 3.94 (t, J = 6.5 Hz, 2H), 1.78 (dq, J = 7.9, 6.5 Hz, 2H), 1.47 (p, J = 7.0 Hz, 2H), 1.41 
– 1.30 (m, 4H), 1.00 – 0.83 (t, 3H), 0.24 (s, 18H). 13C NMR (100 MHz, CDCl3, 300 K) δ 156.55, 
147.60, 139.14, 132.93, 127.83, 122.12, 116.22, 115.51, 105.28, 93.22, 68.26, 31.59, 29.28, 25.74, 
22.60, 14.02, 0.05. ESI-TOF (m/z): Calcd. [C34H43NOSi2 + H]+ for: 538.30, found: 538.27. 
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Compound 2-LA. Compound 2-19 (1.07 g, 2.0 mmol), compound 2-1 (1.94 g, 5.0 mmol), 
Pd(PPh3)4 (254 mg, 0.22 mmol) and copper(I) iodide (28 mg, 0.15 mmol) was degassed under 
nitrogen for three times. After that, 40 mL anhydrous THF, 30 mL anhydrous Et3N was added and 
then the mixture was stirred at 70 ºC for a while. TBAF (4 mmol, 1M in THF, 4 mL) was added 
and the reaction mixture was stirred at 70 ºC for another 2 days. The solvent was removed, and the 
residue was extracted with CHCl3. The combined organic phase was washed with brine and dried 
with anhydrous Na2SO4. After removal of solvent under vacuum, the crude was purified by column 
chromatography on silica gel with chloroform: ethanol (100:2) as eluent to afford the product as a 
yellow solid (1.7 g, 84% yield). 1H NMR (400 MHz, CDCl3, 300 K) δ 8.74 (d, 8H, tpy-H3',5', tpy-
H6,6''), 8.67 (dt, J = 8.0, 1.1 Hz, 4H, tpy-H3,3''), 8.07 (t, J = 1.7 Hz, 2H, Ph-Hd), 7.95 – 7.77 (m, 6H, 
tpy-H4,4'', Ph-Ha), 7.59 (dt, J = 7.7, 1.3 Hz, 2H, Ph-Hc), 7.49 (d, J = 7.8 Hz, 2H, Ph-Hb), 7.45 (d, J 
= 8.7 Hz, 4H, Ph-He), 7.34 (ddd, J = 7.5, 4.8, 1.2 Hz, 4H, tpy-H5,5''), 7.10 (d, J = 8.9 Hz, 2H, Ph-
Hg), 7.06 (d, J = 8.7 Hz, 4H, Ph-Hf), 6.89 (d, J = 8.9 Hz, 2H, Ph-Hh), 3.96 (t, J = 6.5 Hz, 2H), 
1.89 – 1.71 (m, 2H), 1.59 – 1.44 (m, 2H), 1.40 – 1.26 (m, 4H), 0.93 (t, 3H). 13C NMR (100 MHz, 
CDCl3, 300 K) δ 156.67, 156.15, 156.01, 149.58, 149.15, 147.60, 139.20, 138.73, 136.88, 132.70, 
131.89, 130.32, 128.98, 128.08, 126.90, 124.44, 123.88, 122.33, 121.39, 118.86, 116.22, 115.62, 
90.34, 88.49, 68.30, 31.62, 29.32, 25.78, 22.63, 14.07. ESI-TOF (m/z): Calcd. for [C70H53N7O + 
H]+: 1008.44, found: 1008.44. Calcd. for [C70H53N7O + 2H]2+: 504.72, found: 504.69. 
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Compound 2-20. Compound 2-20 was synthesized according to a literature method.23 To a 
stirred solution of triphenylamine (10.0 g, 40 mmol) and KI (13.5 g, 80 mmol) in 340 mL acetic 
acid and 30 mL water at 80 ºC, KIO3 (12.0 g, 56 mmol) was added slowly. After stirring at 50 ºC 
overnight, 200 mL water was added to induce precipitation of crude product. The precipitate was 
filtered under vacuum and washed with ethanol to give the product as a white powder (18 g, 83 % 
yield). 1H NMR (500 MHz, CDCl3, 300 K) δ 7.54 (d, J = 8.7 Hz, 6H), 6.81 (d, J = 8.7 Hz, 6H). 
13C NMR (125 MHz, CDCl3, 300 K) δ 146.51, 138.41, 126.00, 86.56. ESI-TOF (m/z): Calcd. 
[C18H12I3N + H]+ for: 623.82, found: 623.82. 
Compound 2-21. A mixture of compound 2-20 (1.245 g, 2 mmol), Pd(PPh3)2Cl2 (92 mg, 
0.12 mmol) and copper(I) iodide (15 mg, 0.08 mmol) was degassed under nitrogen for three times. 
After that, 30 mL anhydrous THF, 15 mL anhydrous Et3N and ethynyltrimethylsilane (1.8 mL, 12 
mmol) was added and then the mixture was stirred at 60 oC overnight and then cooled to room 
temperature. The solvent was removed, and the residue was extracted with CH2Cl2. The combined 
organic phase was washed with brine and dried over Na2SO4. After removal of solvent under 
vacuum, the residue was purified by column chromatography on silica gel with CH2Cl2: hexane 
(4:1) as eluent to afford a yellow solid (960 mg, 90% yield). 1H NMR (400 MHz, CDCl3, 300 K) δ 
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7.39 – 7.30 (m, 6H, Ph-Ha), 7.02 – 6.92 (m, 6H, Ph-Hb), 0.24 (s, 27H). 13C NMR (100 MHz, CDCl3, 
300 K) δ 146.78, 133.15, 123.80, 117.82, 104.85, 93.95, 0.01. ESI-TOF (m/z): Calcd. [C33H39NSi3 
+ H]+ for: 534.25, found: 534.25. 
Compound 2-L. Compound 2-21 (320 mg, 0.6 mmol), compound 2-9 (2.16 g, 3 mmol), 
Pd(PPh3)4 (152 mg, 0.11 mmol) and copper(I) iodide (14 mg, 0.08 mmol) was degassed under 
nitrogen for three times. After that, anhydrous THF (40 mL) and anhydrous Et3N (40 mL) was 
added and the mixture was stirred at 80 ºC for a while. TBAF (3.6 mmol, 1M in THF, 3.6 mL) was 
added and the reaction mixture was stirred at 70 ºC for 2 days. The solvent was removed, and the 
residue was extracted with CHCl3. The combined organic phase was washed with brine and dried 
with anhydrous Na2SO4. After removal of solvent under vacuum, the crude was purified by column 
chromatography on silica gel with chloroform: methanol (100:2) as eluent to afford the product as 
a yellow solid (1.1 g, 82% yield). 1H NMR (400 MHz, CDCl3, 300 K) δ 8.83 (s, 12H, tpy-H3',5'), 
8.78 – 8.73 (m, 12H, tpy-H6,6''), 8.69 (d, J = 7.9 Hz, 12H, tpy-H3,3''), 7.93 – 7.76 (m, 18H, tpy-H4,4'', 
Ph-Ha), 7.49 (d, J = 8.3 Hz, 6H, Ph-Hb), 7.34 (dd, J = 7.4, 4.8 Hz, 12H, tpy-H5,5''), 7.13 (d, J = 8.3 
Hz, 6H, Ph-Hc), 3.40 (t, J = 6.0 Hz, 6H), 1.20 (dd, J = 9.0, 5.8 Hz, 6H), 0.93 (t, J = 7.6 Hz, 6H), 
0.75 (dt, J = 7.9, 4.3 Hz, 12H), 0.49 (t, J = 6.5 Hz, 9H). 13C NMR (100 MHz, CDCl3, 300 K) δ 
156.24, 155.51, 154.72, 149.21, 147.78, 146.78, 136.79, 134.27, 134.22, 132.86, 124.13, 123.76, 
121.64, 121.26, 119.85, 117.84, 89.91, 88.37, 74.40, 31.34, 29.76, 25.44, 22.14, 13.80. ESI-TOF 
(m/z): Calcd. [C151H118N18O3 + 2H]2+ for: 1116.49, found: 1116.49.  
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Compound 2-22. Compound 2-22 was synthesized using the same method as compound 2-
1. To a flask containing NaOH (4.8 g, 120 mmol) in EtOH (150 mL), 3-idobenzaldehyde (4.2 g, 
20 mmol) and 2-acetylpyridine (5.3 g, 44 mmol) were subsequently added. After stirring at room 
temperature overnight, aqueous NH3•H2O (37 %, 150 mL) was added and the mixture was heated 
at 60 ºC overnight. After cooling down to room temperature, the precipitate was filtered under 
vacummn and washed with ethanol to give 2-22 as a white power (5.4 g, 62 % yield). 1H NMR 
(400 MHz, CDCl3, 300 K) δ 8.78 – 8.71 (m, 2H, tpy-H6,6''), 8.69-8.62 (m, 4H, tpy- H3',5', tpy-H3,3''), 
8.23 (s, 1H, Ph-Hd), 7.92-7.85 (m, 3H, tpy-H4,4'', Ph-Ha), 7.78 (dt, J = 7.9, 1.3 Hz, 1H, Ph-Hc), 7.36 
(m, 2H, tpy-H5,5''), 7.23 (m, 1H, Ph-Hb). 13C NMR (100 MHz, CDCl3, 300 K) δ 156.03, 155.97, 
155.52, 149.11, 148.77, 140.72, 137.89, 136.88, 136.05, 130.53, 126.65, 123.93, 121.36, 118.75. 
ESI-TOF (m/z): Calcd. [C21H14IN3 + H]+ for: 436.03. Found: 436.03. 
Compound 2-23. Compound 2-23 was synthesized according to a literature method.24 
Compound 2-22 (218 mg, 0.5 mmol) was dissolved in 30 mL CHCl3 and 30 mL MeOH. 
RuCl3·xH2O (315 mg, 1 mmol) was added and the suspension was refluxed for 48h. After cooling 
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down, the resultant dark brown solid was filtered, washed with MeOH by centrifugation, and dried 
in vacuum to afford the product as a dark brown solid (250 mg, 78% yield). This material was used 
without characterization. 
Compound 2-24. Compound 2-10 (176 mg, 0.24 mmol) was dissolved in 50 mL CHCl3 
and 50 mL MeOH, and compound 2-23 (76 mg, 0.12 mmol) was added. The suspension was stirred 
at room temperature for 1 h, then N-ethylmorpholine (500 μL) was added. The mixture was 
refluxed for 48 h. After cooling down to room temperature, the solvent was removed by 
evaporation. The crude was purified by column chromatography on neutral Al2O3 with chloroform: 
methanol (100: 1) as eluent to afford the product as a red solid (140 mg, 85% yield). 1H NMR (500 
MHz, CDCl3+3% CD3OD, 300 K) δ 9.17 (s, 2H, tpyC-H3',5'), 9.05 (s, 2H, tpyB-H3',5'), 8.95 (d, J = 
8.2 Hz, 2H, tpyC-H3,3''), 8.79 (s, 2H, tpyA-H3',5'), 8.75 – 8.68 (m, 4H, tpyA-H6,6'', tpyA-H3,3''), 8.65 (d, 
J = 8.1 Hz, 2H, tpyB-H3,3''), 8.50(s, 1H, Ph-He), 8.42 (d, J = 7.8 Hz, 2H, Ph-Hd), 8.16 (s, 1H, Ph-
Hf), 8.07 – 7.95 (m, 5H, tpyC-H4,4'', tpyB-H4,4'', Ph-Ha), 7.95 – 7.88 (m, 3H, tpyA-H4,4'', Ph-Ha), 7.85 
(d, J = 7.8 Hz, 2H, Ph-Hb), 7.52 – 7.36 (m, 5H, tpyA-H5,5'', tpyC-H6,6'', Ph-Hc), 7.36 – 7.27 (m, 4H, 
tpyC-H5,5'', tpyB-H6,6'',), 7.24 – 7.17 (m, 2H, tpyB-H5,5''), 3.56 (t, J = 6.1 Hz, 2H), 1.61 – 1.24 (m, 
2H), 1.02 (m, 2H), 0.86 – 0.56 (m, 4H), 0.38 (q, J = 7.1, 5.5 Hz, 3H), 0.26 (s, 9H). 13C NMR (125 
MHz, CDCl3+3% CD3OD, 300 K) δ 157.88, 157.49, 155.76, 155.64, 155.07, 154.78, 154.55, 
152.23, 151.40, 149.05, 147.73, 146.91, 145.28, 139.20, 138.75, 138.42, 138.33, 137.12, 136.33, 
136.20, 134.59, 134.47, 131.85, 131.43, 128.23, 128.13, 127.87, 125.90, 124.68, 124.11, 122.24, 
121.47, 121.08, 120.79, 103.02, 96.19, 94.98, 75.04, 31.21, 29.98, 29.59, 25.81, 22.11, 13.60, -
0.20. ESI-TOF (m/z): Calcd. [C68H58Cl2IN9ORuSi – 2Cl]2+ for: 636.63, found: 636.59.  
Compound 2-25.  Compound 2-24 (140 mg, 0.1 mmol), compound 2-18 (112 mg, 0.16 
mmol), Pd(PPh3)4 (3 mg, 5 μmol) and copper(I) iodide (0.4 mg, 4 μmol) was degassed under 
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nitrogen for three times. After that, 20 mL anhydrous DMF, 10 mL anhydrous DME, 10 mL 
anhydrous Et3N was added and then the mixture was stirred at 80 oC overnight. After removal of 
solvent under vacuum, the crude was purified by column chromatography on neutral Al2O3 with 
chloroform: methanol (100:1) as eluent to afford the product as a dark red solid (154 mg, 80% 
yield). 1H NMR (500 MHz, CDCl3+3% CD3OD, 300 K) δ 9.06 (s, 2H, tpyC-H3',5'), 8.96 (s, 2H, 
tpyB-H3',5'), 8.90 – 8.81 (m, 4H, tpyC-H3,3'', tpyA-H3',5' ), 8.78 – 8.68 (m, 8H , tpyA-H6,6'', tpyA-H3,3'', 
tpyD-H3',5', tpyD-H6,6''), 8.66 (dd, J = 7.9, 1.1 Hz, 2H, tpyD-H3,3''), 8.58-8.51 (m, 3H, tpyB-H3,3'', Ph-
Hc), 8.29 (d, J = 1.8 Hz, 1H, Ph-Hf), 8.17 (d, J = 2.1 Hz, 1H, Ph-Hb), 8.02 (d, J = 1.8 Hz, 1H, Ph-
Ha), 7.98 – 7.84 (m, 9H, tpyC-H4,4'', tpyB-H4,4'', tpyD-H4,4'', tpyA-H4,4'', Ph-Hr), 7.81 (dt, J = 7.9, 1.4 
Hz, 1H, Ph-Ho), 7.71 – 7.51 (m, 7H, tpyC-H6,6'', tpyB-H6,6'', Ph-Hd, Ph-Hm, Ph-He), 7.50 – 7.31 (m, 
11H, tpyA-H5,5'', tpyB-H5,5'',  tpyD-H5,5'', Ph-Hg, Ph-Hl, Ph-Hn), 7.31 – 7.26 (m, 2H, tpyC-H5,5''), 7.08 
(d, J = 8.9 Hz, 2H, Ph-Hi), 7.05 – 6.97 (m, 4H, Ph-Hk, Ph-Hh), 6.87 (d, J = 9.0 Hz, 2H, Ph-Hj), 
3.94 (t, J = 6.5 Hz, 2H), 3.64 (t, J = 5.8 Hz, 2H), 1.81 – 1.68 (m, 2H), 1.50 – 1.38 (m, 2H), 1.38-
1.29 (m, 8H), 1.05 (tt, J = 9.7, 6.2 Hz, 2H), 0.89 (t, J = 6.8 Hz, 3H), 0.81-0.76 (m, 2H), 0.72-0.65 
(m, 2H), 0.39 (t, J = 7.2 Hz, 3H), 0.29 (s, 9H). 13C NMR (125 MHz, CDCl3+3% CD3OD, 300 K) 
δ 157.68, 157.46, 156.63, 156.00, 155.93, 155.86, 155.65, 154.80, 154.67, 154.61, 152.88, 152.32, 
149.45, 149.11, 149.06, 148.14, 147.63, 147.41, 146.93, 144.91, 138.95, 138.61, 138.21, 138.02, 
136.96, 136.86, 136.69, 136.31, 134.58, 134.49, 132.98, 132.71, 132.60, 131.88, 131.81, 130.41, 
130.17, 129.90, 128.93, 128.69, 128.37, 128.02, 126.82, 125.57, 124.75, 124.60, 124.42, 124.27, 
124.01, 123.87, 122.56, 122.30, 122.07, 121.36, 121.32, 121.12, 120.75, 118.73, 116.17, 115.74, 
115.55, 103.13, 96.22, 91.08, 90.21, 88.41, 88.13, 75.37, 68.21, 31.85, 31.53, 31.28, 30.04, 29.62, 
29.22, 25.89, 25.69, 22.55, 22.15, 13.99, 13.68, -0.06. ESI-TOF (m/z): Calcd. 
[C117H97Cl2N13O2RuSi – 2Cl]2+ for: 922.84, found: 922.84. 
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Compound 2-LB. Compound 2-25 (300 mg, 0.16 mmol), compound 2-20 (28 mg, 0.048 
mmol), Pd(PPh3)4 (7 mg, 15 μmol) and copper(I) iodide (1.0 mg, 8 μmol) was degassed under 
nitrogen for three times. After that, 25 mL anhydrous DMF, 10 mL anhydrous DME, 15mL 
anhydrous Et3N was added at one time. After that, TBAF solution (0.2 mL, 1 M in THF) was 
added and the mixture was stirred at 80 oC for two days. After removal of solvent under vacuum, 
the crude was directly purified by column chromatography on neutral Al2O3 with chloroform: 
methanol (100:3) as eluent to afford the product as a dark red solid (30 mg, 12% yield). 1H NMR 
(500 MHz, DMSO-d6, 300 K) δ 9.56 (s, 6H, tpyC-H3',5'), 9.43 (s, 6H, tpyD-H3',5'), 9.18 (d, J = 8.3 
Hz, 6H, tpyC-H3,3''), 9.05 (d, J = 8.3 Hz, 6H, tpyD-H3,3''), 8.87 (s, 6H, tpyA-H3',5'), 8.75-8.65 (m, 
30H, tpyA- H3,3'', tpyA- H6,6'', tpyB-H3',5', tpyB-H3,3'', tpyB-H6,6''), 8.60 (s, 3H, Ph-Hr), 8.45 (s, 3H, Ph-
Hq), 8.25 (s, 3H, Ph-Hb), 8.16 – 7.99 (m, 33H, tpyC-H4,4'', tpyD-H4,4'', tpyA-H4,4'', tpyB-H4,4'', Ph-Ha, 
Ph-Hl, Ph-Ho), 7.95 (d, J = 7.6 Hz, 6H, Ph-Hh), 7.81 (m, 6H, Ph-Hk, Ph-Hp), 7.73 – 7.62 (m, 9H, 
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Ph-Hn, Ph-Hi), 7.62 – 7.45 (m, 30H, tpyC-H6,6'', tpyD-H6,6'', tpyA-H5,5'', tpyB-H5,5'', Ph-Hc), 7.30 (m, 
12H, tpyC-H5,5'', tpyD-H5,5''), 7.20 (m, 3H, Ph-Hj), 7.13 (m, 6H, Ph-Hf), 7.03 (m, 24H, Ph-Hd, Ph-
He, Ph-Hm, Ph-Hg), 3.97 (m, 6H), 3.66 (m, 6H), 1.71 (q, J = 7.1 Hz, 6H), 1.49 – 1.18 (m, 24H), 
1.06 (m, 6H), 0.93 – 0.70 (m, 12H), 0.57 (t, J = 7.5 Hz, 9H), 0.22 (t, J = 7.2 Hz, 9H). 13C NMR 
(100 MHz, DMSO-d6, 300 K) δ 158.57, 158.30, 157.09, 156.15, 155.74, 155.53, 155.32, 155.16, 
155.05, 152.83, 149.80, 149.12, 147.85, 147.64, 147.12, 147.01, 146.59, 144.57, 138.57, 138.16, 
137.13, 134.55, 133.90, 133.58, 133.40, 133.32, 133.21, 132.50, 130.77, 130.46, 129.89, 129.02, 
128.30, 127.63, 125.19, 124.72, 124.32, 124.15, 122.53, 122.19, 121.95, 121.53, 121.33, 119.98, 
118.61, 117.44, 117.03, 116.40, 115.80, 115.33, 91.09, 90.78, 88.90, 88.77, 79.65, 74.93, 68.15, 
52.41, 31.48, 31.33, 29.95, 29.16, 25.97, 25.70, 22.57, 22.14, 14.42, 13.85. ESI-TOF (m/z): Calcd. 
[C360H276Cl6N40O6Ru3 – 6Cl]6+ for: 927.00, found: 926.94. 
Compound 2-26. Compound 2-26 was synthesized using the same method as 2-23. 
Compound 2-10 (109 mg, 0.25 mmol) was dissolved in 30 mL CHCl3 and 30 mL MeOH. 
RuCl3·xH2O (315 mg, 1 mmol) was added and the suspension was refluxed for 48h. After cooling 
down, the resultant dark red solid was filtered, washed with MeOH by centrifugation, and dried in 
vacum to afford the product as a dark red solid (156 mg, 69% yield). This material was used 
without characterization due to its poor solubility. 
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Compound 2-27.  Compound 2-26 (170 mg, 0.14 mmol) was dissolved in 50 mL CHCl3 
and 50 mL MeOH, and compound 2-LA (330 mg, 0.32 mmol) was added. The suspension was 
stirred at room temperature for 1 h, then N-ethylmorpholine (500 μL) was added. The mixture was 
refluxed for 48 h. After cooling down to room temperature, the solvent was removed by 
evaporation. The crude was purified by column chromatography on neutral Al2O3 with chloroform: 
methanol (100: 2) as eluent to afford the product as a red solid (114 mg, 24% yield). 1H NMR (400 
MHz, CDCl3+3% CD3OD, 300 K) δ 9.72 (s, 4H, tpyC-H3',5' ), 9.29 (d, J = 8.2 Hz, 4H, tpyC-H3,3''), 
9.17 (s, 4H, tpyB-H3',5'), 8.91 (d, J = 7.9 Hz, 4H, tpyB-H3,3''), 8.74 – 8.57 (m, 12H, tpyA-H3',5', tpyA-
H6,6'', tpyA-H3,3''), 8.42 (s, 2H, Ph-Ha), 8.22 (s, 2H, Ph-Hb), 8.18 (s, 2H, Ph-Hl), 7.98-8.06 (m, 12H, 
tpyC-H4,4'', tpyB-H4,4'', Ph-Hc, Ph-Ho), 7.92 – 7.79 (m, 6H, tpyA-H4,4'', Ph-Hm), 7.71 (d, J = 4.3 Hz, 
2H, Ph-Hk), 7.56 (d, J = 7.6 Hz, 2H, Ph-He), 7.52 – 7.31 (m, 20H, tpyA-H5,5'', tpyC-H6,6'', tpyB-H6,6'', 
Ph-Hd, Ph-Hn, Ph-Hf), 7.25 (m, 8H, tpyC-H5,5'', tpyB-H5,5''), 7.08 (d, J = 8.9 Hz, 2H, Ph-Hh), 7.03 
(d, J = 8.6 Hz, 8H, Ph-Hg, Ph-Hj), 6.87 (d, J = 8.9Hz, 2H, Ph-Hi), 3.94 (t, J = 6.5 Hz, 4H), 1.76 
(m, 4H), 1.49 – 1.27 (m, 12H), 0.89 (m, 6H), -0.04 (s, 9H). 13C NMR (100 MHz, DMSO-d6, 300 
K) δ 158.63, 158.44, 157.09, 156.25, 155.59, 155.56, 155.28, 155.14, 155.07, 152.78, 152.33, 
149.85, 149.09, 147.84, 147.65, 146.55, 145.12, 144.24, 138.67, 138.59, 138.03, 137.12, 133.50, 
133.32, 133.22, 132.80, 132.48, 130.78, 130.46, 129.88, 129.02, 128.33, 128.27, 128.24, 127.61, 
125.60, 125.49, 125.14, 124.32, 124.16, 122.53, 122.20, 121.96, 121.46, 118.54, 116.40, 115.79, 
115.36, 91.08, 90.78, 88.92, 88.77, 68.15, 31.49, 29.16, 25.70, 22.58, 14.43, 0.43. ESI-TOF (m/z): 
Calcd. [C187H150ClN20O3Ru2Si – 3Cl]3+ for: 996.99, found: 996.94. Calcd. [C187H150N20O3Ru2Si – 
4Cl]4+ for: 739.00, found: 738.96. 
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Compound 2-LC. Compound 2-27 (55 mg, 0.018 mmol), compound 2-15 (43 mg, 0.027 
mmol), Pd(PPh3)4 (3 mg, 7 μmol) and copper(I) iodide (0.5 mg, 4 μmol) was degassed under 
nitrogen for three times. After that, 20 mL anhydrous DMF, 10 mL anhydrous DME, 15mL 
anhydrous Et3N was added at one time. After that, TBAF solution (0.1 mL, 1 M in THF) was 
added and the mixture was stirred at 80 ºC overnight. After removal of solvent under vacuum, the 
crude was directly purified by column chromatography on neutral Al2O3 with chloroform: 
methanol (100:2) as eluent to afford the product as a dark red solid (15 mg, 12% yield). 1H NMR 
(500 MHz, DMSO-d6, 300 K) δ 9.78 (s, 4H, tpyC-H3',5'), 9.61 (s, 4H, tpyD-H3',5'), 9.28 (d, J = 8.0 
Hz, 4H, tpyC-H3,3''), 9.23 (d, J = 8.1 Hz, 4H, tpyD-H3,3''), 8.88 – 8.64 (m, 36H, tpyA-H3',5', tpyA- 
H3,3'', tpyA- H6,6'', tpyB-H3',5', tpyB-H3,3'', tpyB-H6,6''), 8.64 (s, 2H, Ph-Hj), 8.51 (s, 2H, Ph-Hg), 8.43 
(s, 2H, Ph-Hf), 8.18 – 8.02 (m, 20H, tpyC-H4,4'', tpyD-H4,4'', tpyA-H4,4'', tpyB-H4,4''), 7.97 (m, 4H, Ph-
Ht, Ph-Hi), 7.90 (s, 4H, Ph-Ha), 7.82 (m, 6H, Ph-Hk, Ph-Hh), 7.75(m, 6H, Ph-He, Ph-Hp), 7.71 – 
7.59 (m, 12H, tpyC-H6,6'', Ph-Hs, Ph-Hb, Ph-Hq), 7.55 (m, 18H, tpyD-H6,6'', tpyA-H5,5'', tpyB-H5,5'', 
Ph-Hr), 7.34 (m, 8H, tpyC-H5,5'', tpyD-H5,5''), 7.22 – 7.12 (m, 10H, Ph-Hd, Ph-Hl, Ph-Hm), 7.11 – 
6.97 (m, 12H, Ph-Hc, Ph-Hn, Ph-Ho), 4.14 – 3.79 (m, 6H), 3.41 (m, 4H), 1.73 (m, 4H), 1.43 (m, 
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6H), 1.32 (m, 10H), 1.15 (m, 12H), 1.00 – 0.77 (m, 8H), 0.62 (m, 6H), 0.39 (t, J = 6.7 Hz, 6H), 
0.12 (t, J = 7.3 Hz, 3H). 13C NMR (100 MHz, DMSO-d6, 300 K) δ 158.61, 158.33, 157.09, 156.25, 
155.60, 155.53, 155.32, 155.27, 155.14, 154.75, 149.85, 149.10, 147.86, 147.64, 147.15, 146.83, 
146.63, 144.23, 138.61, 138.58, 138.03, 137.13, 134.63, 134.27, 133.62, 133.32, 133.21, 132.48, 
130.77, 130.46, 129.88, 129.02, 128.21, 127.62, 125.14, 125.08, 124.81, 124.33, 124.15, 122.55, 
122.18, 121.47, 121.33, 119.97, 118.54, 117.76, 116.40, 115.81, 115.31, 91.10, 90.77, 90.43, 88.88, 
88.77, 88.63, 74.40, 68.15, 55.77, 31.48, 31.40, 31.10, 29.59, 29.49, 29.16, 26.16, 25.70, 25.43, 
22.58, 22.21, 22.03, 14.42, 14.02, 13.74. ESI-TOF (m/z): Calcd. [C290H223Cl4N33O5Ru2 – 4Cl+H]5+ 
for: 890.73, found: 890.72. Calcd. [C290H223Cl4N33O5Ru2 – 4Cl+2H]6+ for: 742.44, found: 742.43. 
 
Compound 2-28. Compound 2-11 (1.5 g, 2.5 mmol), compound 2-20 (400 mg, 0.6 mmol), 
Pd(PPh3)4 (70 mg, 0.06 mmol) and copper(I) iodide (10 mg, 0.05 mmol) was degassed under 
nitrogen for three times. After that, anhydrous THF (30 mL), anhydrous Et3N (15 mL) was added 
and then the mixture was stirred at 70 ºC overnight. The solvent was removed, and the residue was 
extracted with CHCl3. The combined organic phase was washed with brine and dried with 
anhydrous Na2SO4. After removal of solvent under vacuum, the crude was purified by column 
chromatography on silica gel with chloroform: ethanol (100:2) as eluent to afford the product as a 
light-yellow solid (300 mg, 43% yield). 1H NMR (400 MHz, , CDCl3, 300 K) δ 8.82 (s, 4H, tpy-
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H3',5'), 8.77 (ddd, J = 4.8, 1.8, 0.9 Hz, 4H, tpy-H6,6''), 8.71 (dt, J = 8.0, 1.1 Hz, 4H, tpy-H3,3''), 7.90 
(td, J = 7.7, 1.8 Hz, 4H, tpy-H4,4''), 7.82 (s, 2H, Ph-Ha), 7.56 (m, 4H, Ph-Hd), 7.43(m, 2H, Ph-Hc), 
7.37 (ddd, J = 7.5, 4.8, 1.2 Hz, 4H, tpy-H5,5''), 7.01(m, 2H, Ph-Hb), 6.85 (m, 4H, Ph-He), 3.39 (t, J 
= 6.0 Hz, 2H), 1.21 (td, J = 15.1, 13.6, 8.2 Hz, 2H), 0.98 – 0.87 (m, 2H), 0.75 (tt, J = 5.7, 3.3 Hz, 
4H), 0.54 (t, J = 5.7 Hz, 3H). 13C NMR (100 MHz, CDCl3, 300 K) δ 156.06, 155.37, 154.71, 
149.09, 147.77, 146.67, 146.59, 138.46, 136.97, 134.24, 134.17, 132.80, 126.42, 123.82, 123.32, 
121.66, 121.36, 119.86, 117.68, 89.72, 88.30, 86.72, 77.19, 74.41, 31.67, 29.74, 25.41, 22.12, 
13.77. ESI-TOF (m/z): Calcd. [C62H47I2N7O + H]+ for: 1160.20, found: 1160.20. 
Compound 2-LD. Compound 2-28 (300 mg, 0.26 mmol), compound 2-7 (433 mg, 1 mmol), 
Pd(PPh3)4 (70 mg, 0.06 mmol) and copper(I) iodide (10 mg, 0.05 mmol) was degassed under 
nitrogen for three times. After that, anhydrous THF (30 mL), anhydrous Et3N (15 mL) was added 
and then the mixture was stirred at 70 ºC for two days. Then the solvent was removed, and the 
residue was extracted with CHCl3. The combined organic phase was washed with brine and dried 
with anhydrous Na2SO4. After removal of solvent under vacuum, the crude was purified by column 
chromatography on silica gel with chloroform: ethanol (100:3) as eluent to afford the product as a 
brown solid (100 mg, 22% yield). 1H NMR (500 MHz, , CDCl3, 300 K) δ 8.82 (s, 4H, tpyA-H3',5'), 
8.75(m, 4H, tpyA-H6,6''), 8.73 – 8.63 (m, 16H, tpyB-H3',5', tpyB-H6,6'', tpyA-H3,3'', tpyB-H3,3''), 7.95 – 
7.81 (m, 10H, tpyA-H4,4'', tpyB-H4,4'', Ph-Ha), 7.77 (d, J = 2.1 Hz, 2H, Ph-Hf), 7.53 (dd, J = 8.6, 2.1 
Hz, 2H, Ph-Hg), 7.46 (m, 6H, Ph-Hc, Ph-Hd), 7.34 (ddd, J = 15.2, 7.5, 4.9 Hz, 10H, tpyA-H5,5'', 
tpyB-H5,5'', Ph-Hb), 7.10 (d, J = 8.2 Hz, 4H, Ph-He), 6.97 (d, J = 8.6 Hz, 2H, Ph-Hh), 4.04 (t, J = 
6.2 Hz, 4H), 3.39 (t, J = 6.0 Hz, 2H), 1.73 (dd, J = 9.0, 6.2 Hz, 4H), 1.40 (m, J = 7.6 Hz, 4H), 
1.16 (m, 10H), 0.93 (m, J = 7.5 Hz, 2H), 0.73 (m, 10H), 0.50 (t, J = 6.7 Hz, 3H). 13C NMR (125 
MHz, CDCl3, 300 K) δ 156.44, 156.31, 156.23, 155.48, 155.14, 154.68, 149.19, 149.08, 147.78, 
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147.64, 146.84, 146.50, 136.79, 136.72, 134.23, 134.18, 133.79, 133.21, 132.79, 132.65, 128.51, 
124.13, 123.88, 123.74, 123.56, 121.81, 121.63, 121.26, 121.20, 119.81, 118.23, 117.60, 115.72, 
112.18, 89.87, 88.96, 88.44, 88.23, 74.42, 68.66, 31.51, 31.32, 29.74, 29.08, 25.77, 25.42, 22.34, 
22.12, 13.90, 13.77. ESI-TOF (m/z): Calcd. [C120H99N13O3 + 2H]2+ for: 886.41, found: 886.40. 
Calcd. [C120H99N13O3 + 3H]3+ for: 591.28, found: 591.26. 
Compound 2-29. Compound 2-29 was synthesized according to a literature method.25 A 
nitrogen purged flask containing a solution of compound 2-LA (151 mg, 0.15 mmol) and 
Ru(DMSO)4Cl2 (290 mg, 0.6 mmol) in 100 mL 1,2-dichloroethane was heated at reflux for two 
days. The solvent was removed, and the residue was washed with methanol by centrifugation for 
three times. About 200 mg dark red solid (88%) was obtained after dried in vacuum. The solid was 
used directly for further steps without characterization.   
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Compound 2-LE. A flask containing a solution of compound 2-29 (48 mg, 0.032 mmol) 
and compound L (121 mg, 0.054 mmol) in 30 mL 1,2-dichloroethane and 30 mL ethanol was 
heated at reflux for two days. The solvent was removed, and the residue was purified by column 
chromatography on neutral aluminum oxide with chloroform: methanol (100:4) as eluent to afford 
the product as a dark red solid (18 mg, 13% yield). 1H NMR (500 MHz, DMSO-d6, 300 K) δ 9.63 
(s, 4H, tpyD-H3',5'), 9.45 (s, 4H, tpyC-H3',5'), 9.26 (d, J = 8.4 Hz, 4H, tpyD-H3,3''), 9.07 (d, J = 8.2 
Hz, 4H, tpyC-H3,3''), 8.90 (s, 4H, tpyB-H3',5'), 8.84 – 8.65 (m, 22H, tpyA-H3',5', tpyA- H3,3'', tpyA- H6,6'', 
tpyB-H3,3'', tpyB-H6,6'', Ph-Hh), 8.55 (d, J = 7.1 Hz, 2H, Ph-Hi), 8.25 (s, 2H, Ph-Hg), 8.09 (m, 16H, 
tpyC-H4,4'', tpyD-H4,4'', tpyA-H4,4'', tpyB-H4,4'' ), 7.92 (s, 2H, Ph-Hf), 7.83 (m, 4H, Ph-Ha, Ph-Hj), 7.68-
7.48 (m, 26H, tpyC-H6,6'', tpyD-H6,6'', tpyA-H5,5'', tpyB-H5,5'', Ph-Hk, Ph-Hl, Ph-He), 7.32 (m, 8H, 
tpyC-H5,5'', tpyD-H5,5''), 7.19 (m, 8H, Ph-Hn, Ph-Hd, Ph-Hb), 7.08 (m, 8H, Ph-Ho, Ph-Hc, Ph-Hm), 
4.02 (m, 2H), 3.73 (m, 4H), 1.76 (m, 2H), 1.58 – 1.20 (m,10H), 1.12 (m, 6H), 0.98 – 0.77 (m, 
12H), 0.64 (m, 8H), 0.41 (t, J = 7.4 Hz, 3H), 0.27 (t, J = 7.3 Hz, 6H).13C NMR (100 MHz, DMSO-
d6, 300 K) δ 158.58, 158.30, 157.17, 155.76, 155.62, 155.56, 155.35, 155.03, 154.77, 152.78, 
152.42, 149.86, 147.81, 147.17, 146.73, 146.41, 144.83, 138.63, 138.41, 138.08, 136.97, 135.77, 
134.64, 134.48, 134.30, 133.95, 133.65, 133.49, 133.26, 131.28, 130.40, 128.99, 128.32, 128.12, 
125.63, 125.18, 125.09, 124.84, 124.49, 124.30, 122.41, 121.84, 121.48, 121.34, 119.99, 117.83, 
117.22, 116.45, 115.58, 90.95, 90.66, 90.45, 88.92, 88.66, 88.35, 75.00, 74.42, 68.19, 31.51, 31.35, 
31.12, 29.94, 29.60, 29.18, 25.96, 25.72, 25.44, 22.60, 22.20, 22.04, 14.45, 14.03, 13.89. ESI-TOF 
(m/z): Calcd. [C220H170Cl4N26O4Ru2 – 3Cl]3+ for: 1159.73, found: 1159.76. Calcd. 
[C220H170Cl4N26O4Ru2 – 4Cl]4+ for: 861.05, found: 861.03.  
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2.2.3 Self-Assembly of Fractals G1-G5 
 
Complex G1 [Zn2(2-LA)2]: To a solution of ligand 2-LA (4.7 mg, 4.7 μmol) in CHCl3 (1.0 
mL), a solution of Zn(NO3)2•6H2O (1.4 mg, 4.7 μmol) in MeOH (3.0 mL) was added slowly. The 
mixture was heated at 50 ºC for 10 h and then cooled down to room temperature. The mixture was 
then added to a solution of NH4PF6 (30 mg in 20 mL MeOH). After a while, a precipitate was 
formed, washed with MeOH for three times by centrifugation, dried in vacuum to give the product 
as a brown solid (5.9 mg, 93% yield). 1H NMR (500 MHz, CD3CN, 300 K) δ 9.02 (d, J = 3.0 Hz, 
8H, tpy-H3',5',), 8.75 (dd, J = 8.3, 3.7 Hz, , 8H, tpy-H3,3''), 8.36 (d, J = 4.4 Hz, 4H, Ph-Hd), 8.19 (m, 
12H, tpy-H4,4'', Ph-Ha), 7.94 – 7.71 (m, 16H, tpy-H6,6'', Ph-Hc, Ph-Hb), 7.53 (m, 8H, Ph-He), 7.44 
(m, 8H, tpy-H5,5''), 7.26 – 7.05 (m, 12H, Ph-Hg, Ph-Hf), 7.00 (d, J = 8.5 Hz, Ph-Hh), 4.02 (t, J = 
6.3 Hz, 4H), 1.88 – 1.69 (m, 4H), 1.50 (m, 4H), 1.51 – 1.20 (m, 8H), 0.94 (t, J = 6.1 Hz, 6H). 13C 
NMR (125 MHz, CD3CN, 300 K) δ 158.17, 156.53, 150.93, 149.04, 148.83, 142.27, 139.77, 137.71, 
134.60, 133.67, 131.69, 131.01, 129.56, 129.47, 128.82, 128.57, 125.80, 124.27, 123.25, 122.72, 
116.80, 116.58, 91.67, 88.73, 69.20, 32.30, 29.94, 26.41, 23.32, 14.32. ESI-TOF (m/z): 1218.3 [M-
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2PF6¯]2+ (calcd m/z: 1218.3), 763.9 [M-3PF6¯]3+ (calcd m/z: 763.9), 536.7 [M-4PF6¯]4+ (calcd m/z: 
536.7). 
Complex G2 [Zn3(2-LB)]: To a solution of ligand 2-LB (4.0 mg, 0.69 μmol) in CHCl3 (1.0 
mL), a solution of Zn(NO3)2•6H2O (0.61 mg, 2.1 μmol) in MeOH (3.0 mL) was added slowly. The 
mixture was heated at 50 ºC for 10 h and then cooled down to room temperature. The mixture was 
then added to a solution of NH4PF6 (50 mg in 15 mL MeOH). After a while, a precipitate was 
formed, washed with MeOH for three times by centrifugation, dried in vacuum to give the product 
as a red solid (4.9 mg, 94% yield). 1H NMR (500 MHz, CD3CN, 300 K) δ 9.23 (m, 12H, tpyD-
H3',5', tpyA-H3',5'), 9.07 (m, 12H, tpyB-H3',5', tpyC-H3',5'), 8.79-8.68 (br, 24H, tpyD-H3,3'', tpyB-H3,3'', 
tpyA-H3,3'', tpyC-H3,3''), 8.47 – 8.14 (br, 30H, Ph-Hl, Ph-Hr, Ph-Ha, Ph-Hb, tpyD-H4,4'', tpyB-H4,4'', Ph-
Hk, Ph-Hq), 8.04 – 7.76 (m, 36H, tpyA-H4,4'', tpyC-H4,4'', tpyD-H6,6'', tpyB-H6,6'', Ph-Hp, Ph-Hj, Ph-Ho, 
Ph-Hi), 7.66 (d, J = 8.2 Hz, 6H, Ph-Hc), 7.58 – 7.39 (m, 36H, tpyA-H6,6'', tpyC-H6,6'', tpyD-H5,5'', 
tpyB-H5,5'', Ph-Hn, Ph-Hh), 7.35 – 7.07 (m, 36H, tpyA-H5,5'', tpyC-H5,5'', Ph-Hd, Ph-Hf, Ph-Hm, Ph-
Hg), 7.01 (d, J = 8.4 Hz, 6H, Ph-He), 4.04 (t, J = 6.6 Hz, 6H), 3.89 – 3.73 (m, 6H), 1.80 (q, J = 
7.1 Hz, 6H), 1.60 – 1.15 (m, 34H), 1.02 – 0.79 (m, 17H), 0.73 (m, 3H), 0.33 (t, J = 7.4 Hz, 6H). 
13C NMR (125 MHz, CD3CN, 300 K) δ 157.28, 157.15, 156.25, 154.56, 154.31, 152.27, 152.04, 
151.15, 148.99, 148.61, 147.74, 147.46, 146.93, 146.62, 146.19, 140.88, 140.03, 137.69, 136.89, 
136.39, 135.78, 132.51, 132.06, 131.40, 129.51, 128.78, 127.83, 127.03, 126.36, 124.26, 123.86, 
123.14, 122.90, 121.96, 121.62, 121.36, 121.09, 120.43, 119.81, 89.69, 86.93, 86.74, 86.39, 67.29, 
31.16, 30.38, 29.61, 29.24, 28.78, 28.44, 28.03, 27.27, 25.94, 25.19, 24.50, 23.74, 21.43, 21.22, 
20.68, 20.38, 12.81, 12.41, 12.04, 11.27. ESI-TOF (m/z): 1104.6 [M-6PF6¯]6+ (calcd m/z: 1104.6), 
926.1 [M-7PF6¯]7+ (calcd m/z: 926.1), 792.2 [M-8PF6¯]8+ (calcd m/z: 792.2)，688.1 [M-9PF6¯]9+ 
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(calcd m/z: 688.1), 604.8 [M-10PF6¯]10+ (calcd m/z: 604.8), 536.6 [M-11PF6¯]11+ (calcd m/z: 
536.6). 
Complex G3 [Zn6(2-LC)2]: To a solution of ligand 2-LC (4.2 mg, 0.91 μmol) in CHCl3 
(1.0 mL), a solution of Zn(NO3)2•6H2O (0.82 mg, 2.73 μmol) in MeOH (3.0 mL) was added slowly. 
The mixture was heated at 50 ºC for 10 h and then cooled down to room temperature. The mixture 
was then added to a solution of NH4PF6 (50 mg in 15 mL MeOH). After a while, precipitate was 
formed, washed with MeOH for three times by centrifugation, dried in vacuum to give the product 
as a red solid (4.4 mg, 94 % yield). 1H NMR (500 MHz, CD3CN, 300 K) δ 9.40 – 9.18 (m, 24H, 
tpyC-H3',5', tpyA-H3',5', tpyE-H3',5'), 9.06 (m, 16H, tpyD-H3',5', tpyB-H3',5'), 8.84 – 8.59 (m, 40H,  tpyC-
H3,3'', tpyE-H3,3'', tpyB-H3,3'', tpyA-H3,3'', tpyD-H3,3''), 8.40 (m, 8H, Ph-Hj, Ph-Ht), 8.33 (m, 12H, Ph-
Ha, Ph-Hf, Ph-Hu), 8.23 (br,36 H,  tpyC-H4,4'', tpyE-H4,4'', tpyB-H4,4'', Ph-Hg, Ph-Hs, Ph-He), 7.98 
 (m,24H, tpyA-H4,4'', tpyD-H4,4'', 
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Ph-Hq, Ph-Hi), 7.92– 7.77 (m, 36H, tpyC-H6,6'', tpyE-H6,6'', tpyB-H6,6'', Ph-Hh, Ph-Hr, Ph-Hd), 7.66 
(d, J = 7.9 Hz, 8H, Ph-Hb), 7.58 – 7.38 (m, 56H, tpyA-H6,6'', tpyD-H6,6'', tpyC-H5,5'', tpyE-H5,5'', tpyB-
H5,5'', Ph-Hk, Ph-Hp), 7.31 (m, d, J = 7.9 Hz, 8H, Ph-Hc), 7.23 (m, 16 H, tpyA-H5,5'', tpyD-H5,5'' ), 
7.17 (d, J = 8.7 Hz, 8H, Ph-Hm ), 7.11 (m, 16H, Ph-Ho, Ph-Hl), 6.94 (d, J = 8.7 Hz, 8H, Ph-Hn), 
4.02 (m, 8H), 3.89 (m, 4H), 3.77 (m, 8H), 1.79 (t, J = 7.2 Hz, 8H), 1.57 – 1.14 (m, 66 H), 0.93 (t, 
J = 6.6 Hz, 16H), 0.71 (m, 8H), 0.32 (m, 12H). 13C NMR (125 MHz, CD3CN, 300 K) δ 159.14, 
156.42, 156.15, 153.53, 150.86, 150.50, 139.14, 138.23, 137.66, 133.94, 133.59, 131.01, 129.41, 
128.52, 125.37, 123.22, 122.69, 121.72, 118.26, 116.77, 100.91, 88.69, 69.18, 41.15, 32.25, 31.07, 
30.82, 29.88, 26.90, 26.36, 23.28, 23.08, 23.01, 14.27, 13.89.  ESI-TOF (m/z): 1379.6 [M-8PF6¯]8+ 
(calcd m/z: 1379.6), 1210.1 [M-9PF6¯]9+ (calcd m/z: 1210.1), 1074.6 [M-10PF6¯]10+ (calcd m/z: 
1074.6)，963.8 [M-11PF6¯]11+ (calcd m/z: 963.8), 871.4 [M-12PF6¯]12+ (calcd m/z: 871.4), 793.2 
[M-13PF6¯]13+ (calcd m/z: 793.2), 726.2 [M-14PF6¯]14+ (calcd m/z: 726.2), 668.1 [M-15PF6¯]15+ 
(calcd m/z: 668.1). 
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Complex G4 [Zn6(2-LD)6]: To a solution of ligand 2-LD (5.2 mg, 2.9 μmol) in CHCl3 (1.0 
mL), a solution of Zn(NO3)2•6H2O (1.73 mg, 5.8 μmol) in MeOH (3.0 mL) was added dropwise. 
The mixture was heated at 50 ºC for 8 h and then added to a solution of NH4PF6 (70 mg in 20 mL 
MeOH). After a while, a precipitate was formed, washed with MeOH for three times by 
centrifugation, dried in vacuum to give the product as a yellow solid (6.9 mg, 96% yield). 1H NMR 
(500 MHz, CD3CN, 300 K) δ 9.27 (s, 24H, tpyA-H3',5'), 9.07 (s, 24H, tpyB-H3',5'), 8.81 (d, J = 8.1 
Hz, 24H, tpyA-H3,3''), 8.66 (d, J = 8.5 Hz, 24H, tpyB-H3,3''), 8.36 (s, 12H, Ph-Ha), 8.23 (m, 48H, 
tpyA-H4,4'', tpyB-H4,4''), 8.08 (s, 12H, Ph-Hf), 7.99-7.81 (m, 60H, tpyA-H6,6'', tpyB-H6,6'', Ph-Hb), 7.71 
– 7.56 (m, 36H, Ph-Hg, Ph-He), 7.46 (m, 48H, tpyA-H5,5'', tpyB-H5,5''), 7.38 (d, J = 8.8 Hz, 12H, Ph-
Hc), 7.25 (m, 36H, Ph-Hd, Ph-Hh), 4.54 – 4.07 (m, 24H), 3.90 – 3.40 (m, 12H), 1.93 – 1.87 (m, 
24H), 1.51 (m, 24H), 1.26 (m, 48H), 1.14 – 1.01 (m, 24H), 0.95 – 0.80 (m, 12H), 0.61 (m, 36H), 
0.36 (m, 18H), 0.24 (t, J = 7.5 Hz, 12H). 13C NMR (125 MHz, CD3CN, 300 K) δ 155.82, 152.97, 
148.71, 148.28, 147.14, 147.00, 140.52, 132.08, 131.88, 128.32, 126.65, 126.09, 125.04, 123.57, 
123.41, 122.20, 115.07, 112.49, 87.74, 87.31, 68.23, 66.06, 30.48, 30.36, 29.37, 28.13, 25.20, 
24.95, 21.36, 21.11, 12.30, 12.01. ESI-TOF (m/z): 1379.6 [M-8PF6¯]8+ (calcd m/z: 1379.6), 1210.1 
[M-9PF6¯]9+ (calcd m/z: 1210.1), 1074.6 [M-10PF6¯]10+ (calcd m/z: 1074.6)， 963.8 [M-
11PF6¯]11+ (calcd m/z: 963.8), 871.4 [M-12PF6¯]12+ (calcd m/z: 871.4), 793.2 [M-13PF6¯]13+ (calcd 
m/z: 793.2), 726.2 [M-14PF6¯]14+ (calcd m/z: 726.2), 668.1 [M-15PF6¯]15+ (calcd m/z: 668.1). 
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Complex G5 [Zn6(2-LE)6]: To a solution of ligand 2-LE (7.1 mg, 2.0 μmol) in CHCl3 (1.5 
mL), a solution of Zn(NO3)2•6H2O (1.18 mg, 4.0 μmol) in MeOH (4.5 mL) was added dropwise. 
The mixture was heated at 50 ºC for 10 h and then added to a solution of NH4PF6 (80 mg in 20 mL 
MeOH). After a while, a precipitate was formed, washed with MeOH for three times by 
centrifugation, dried in vacuum to give the product as a red solid (9.0 mg, 96% yield). 1H NMR 
(500 MHz, CD3CN, 300 K) δ 9.32-9.27 (m, 72H, tpyC-H3',5', tpyA-H3',5', tpyB-H3',5'), 9.13 (s, 24H, 
tpyD-H3',5'), 8.92 – 8.65 (m, 108H, tpyA-H3,3'', tpyC-H3,3'', tpyB-H3,3'', tpyD-H3,3'', Ph-Hh), 8.41 (m, 
48H, Ph-Ha, Ph-Hf, Ph-Hg, Ph-Hi), 8.35-8.27 (m, 72H, tpyA-H4,4'', tpyC-H4,4'', Ph-Hj , Ph-Hb), 8.07 
– 7.95 (m, 108H, tpyA-H6,6'', tpyC-H6,6'', tpyB-H4,4'', tpyD-H4,4'', Ph-Hk), 7.83 (d, J = 8.9 Hz, 12H, Ph-
Hc), 7.73 (d, J = 8.9 Hz, 24H, Ph-He), 7.53-7.48 (m, 120H, tpyB-H6,6'', tpyD-H6,6'', tpyC-H5,5'', tpyA-
H5,5'', Ph-Hl), 7.36 (d, J = 8.9 Hz, 24H, Ph-Hd), 7.31 – 7.19 (m, 60H, tpyB-H5,5'', tpyD-H5,5'', Ph-Hn), 
7.15 (d, J = 8.1 Hz, 24H, Ph-Hm), 7.04 (d, J = 8.3 Hz, 12H, Ph-Ho), 4.06 (t, J = 6.7 Hz, 12H), 3.80 
NN
N
N
N
N
C
6H
13O OC
6
H13
N
N
N
N
NN
N N
N
N N
N
N
N
N N
N N N N
OC6H13
N
N
NN
OC
6H
13
N
N
N N
N
N
C 6
H 1
3
O
N
N
N
N
N N
N
N
N
N
N
N
N
N
OC6H13
N
N
NN
N
N
OC
6
H 13
N N
N
N N
N
C
6H
13O
N
N
NN
N
N N
N N
N
N
N
N
OC
6H
13C6
H13
O
N
N
N
N
N N
NN
N
NN
N
N
N
NN
NNNN
OC6H13
N
N N
N
N N
C
6H
13O
N
N
NN
N
N
OC6
H13
N
N
N
N
NN
N
N
N
N
N
N
N
N
C6H13O
N
N
N N
N
N
C6
H13
O
NN
N
NN
N
OC
6H
13
N
N
N N
N
NN
N
N
N
N
N
N
NC6H13O
48PF6
-
N
N
N
N
N
N
N
N
N
OC
6H
13
Ru
Ru
Ru
Ru
Ru
Ru Ru
Ru
Ru
Ru
Ru
Zn Zn
Zn
Zn
Zn
Zn Zn
Zn
ZnZn
Zn
Zn
Ru
NN
N
N
N
N
C
6H
13O OC
6
H 13
N
N
N
N
NN
N N
N
N N
N
N
N
N N
N N N N
OC6H13
A
D
B
a
c
l
b
g
m
e
d
o
h
f
j
i
k
n
3'
5'
3
4
5
6
3''
4''
5''
C
Ru Ru
Zn
Zn
Zn
Zn
95 
 
(m, 36H), 1.64 – 1.18 (m, 84H), 1.06 – 0.83 (m, 48H), 0.68 (m, 60H), 0.30 (m, 72H). 13C NMR 
(125MHz, CD3CN, 300 K) δ 159.06, 156.45, 156.21, 153.60, 153.31, 150.52, 148.85, 142.50, 
139.18, 138.37, 133.99, 133.61, 129.46, 128.60, 125.72, 125.39, 125.18, 123.21, 116.81, 100.94, 
91.41, 69.21, 49.85, 32.29, 32.24, 31.18, 29.92, 27.05, 26.40, 23.31, 23.04, 22.94, 14.30, 13.90, 
13.85. ESI-TOF (m/z): 1526.0 [M-17PF6¯]17+ (calcd m/z: 1526.0), 1433.2 [M-18PF6¯]18+ (calcd 
m/z: 1433.2), 1350.1 [M-19PF6¯]19+ (calcd m/z: 1350.1), 1275.4 [M-20PF6¯]20+ (calcd m/z: 1275.4), 
1207.7 [M-21PF6¯]21+ (calcd m/z: 1207.7), 1146.2 [M-22PF6¯]22+ (calcd m/z: 1146.2). 
 
2.3 Results and Discussion 
2.3.1 Three Approaches in the Synthesis of Ligands 
In the synthesis of ligands, the critical tpy-based monomer 2-L, ligands 2-LA and 2-LD 
were obtained easily by connecting different triphenylamine motifs and tpy units using 
Sonogashira coupling. Particularly, 2-L was designed to provide scaffolds of the higher 
generations of fractals while 2-LA was able to end-cap the outer binding sites to prevent the 
formation of infinite structure. 2-LA itself could self-assemble in a stoichiometric ratio (1:1) with 
Zn(NO3)2·6H2O, resulting in the formation of the smallest structure G1, which represented the 
basic repeating shape unit in the complex fractal set. The tetratopic ligand 2-LD could self-
assemble with Zn(NO3)2·6H2O to form the fourth-generation fractal G4 in the fractal set. 
96 
 
 
Figure 2.9 Initial end-capping approach. 
 
 The synthesis of 2-LE was achieved subsequently in a different approach through end-
capping hexatopic tpy-based monomer 2-L with one equivalent of 2-LA using Ru(II) chemistry in 
two steps (Figure 2.9). Such end-capping approach left four free tpy moieties for further 
coordination with Zn2+ to form the largest supramolecule G5  in the fractal set. 
Inspired by the success of 2-LE, I attempted to use the same strategy through end-capping 
2-L with two or three equivalents of 2-LA to form ligand LB’ or LC’ with <tpy−Ru(II)−tpy> 
connectivity. However, I was unable to get the desired results due to the inert coordination of 
Ru(II).To overcome the problem, I used a combination of the first two approaches through 
performing Sonogashira coupling on the Ru(II)-tpy complexes to control the geometries of ligands 
as well as increasing the diversity and complexity. 2-LC was then obtained through coupling of 
organic precursor 2-15 and Ru(II)-tpy complex 2-27, which was obtained via double end-capping 
of 2-10 with 2-LA and Ru(II). Such combination strategy allowed us to prepare 2-LC in a 
moderate isolation yield after a column chromatography separation. Ligand 2-LB was synthesized 
using the same strategy as 2-LC but underwent two steps of Sonogashira coupling on Ru(II)-tpy 
complex 2-24 as shown in figure 2.10. Ironically, 2-LB with three Ru(II) ions and six free tpy 
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groups is the most challenging one among all the building blocks for the fractals, although G2 is 
a relatively small structure among these five generations. 
Thus, three approaches can be summarized in the synthesis of ligands. One approach is 
bridging the triphenylamine motifs and tpy units directly using Sonogashira coupling reaction, for 
instance, organic ligands 2-LA and 2-LD. The other approach is constructing Ru(II)-organic 
building blocks (ROBBs) by bridging two tpy-based monomers using Ru(II) chemistry, such as 2-
LE with increasing complexity. And the third one is a combination of the first two by performing 
Sonogashira coupling on the Ru(II)-tpy complexes, such as 2-LB and 2-LC. All these three 
approaches aim to precisely control the structures of ligands and the self-assembly supramolecules 
as well, and additionally, the latter two increase the diversity, complexity and avoid the self-sorting. 
 
Figure 2.10 Combination of Ru(II) connectivity and Sonogashira coupling. 
 
2.3.2 Characterization by NMR and ESI 
Characterization of those fractal architectures were accomplished by 1D and 2D NMR 
spectroscopy, electrospray ionization mass spectrometry (ESI-MS), traveling-wave ion mobility 
mass spectrometry (TWIM-MS). 
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Figure 2.11 ESI-MS and IM-MS spectra of G1. A: ESI-MS, B: TWIM-MS plot (m/z vs. drift time) and C: 
calculated (top) and measured (bottom) isotope patterns for different charge states (PF6¯ as counterion). 
 
ESI-MS and TWIM-MS spectra provided strong evidence for the clean formation of these 
architectures. Only one prominent set of signals for multicharged signals (from 10+ to 19+) was 
observed in ESI-MS spectra, for instance, from 2+ to 4+ for G1, from 6+ to 11+ for G2, from 8+ 
to 16+ for G3, from 10+ to 19+ for G4 and from 14+ to 28+ for G5 (Figure 2.11A, 2.12A/C/E/G). 
The generation of these multicharged signals is because of the loss of corresponding counterions 
for each fractal. Moreover, a narrow distribution of drift time for different charge states in TWIM-
MS spectra (Figure 2.11B, 2.12B/D/F/H) further indicated there were no isomers or structural 
conformers generated. In addition, the experimental isotope patterns of the multicharged ions 
agreed well to the simulated ones, suggesting the proposed structures; and based on which the 
molecular weight could be calculated. Literately, G1 has a molecular weight of 2722 Da, G2 is of 
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7491 Da, G3 is of 12184 Da, G4 is of 14865 Da and G5 has a molecular weight as high as 28384 
Da. 
 
Figure 2.12 ESI-MS and IM-MS spectra of G2-G5. A, C, E, G: ESI-MS of G2-G5, respectively; B, D, F, H: 
TWIM-MS plot (m/z vs. drift time) of G2-G5, respectively. 
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Figure 2.13 Calculated (top) and measured (bottom) isotope patterns for different charge states observed from G2 
(PF6¯ as counterion). 
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Figure 2.14 Calculated (top) and measured (bottom) isotope patterns for different charge states observed from G3 
(PF6¯ as counterion). 
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Figure 2.15 Calculated (top) and measured (bottom) isotope patterns for different charge states observed from G4 
(PF6¯ as counterion). 
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Figure 2.16 Calculated (top) and measured (bottom) isotope patterns for different charge states observed from G5 
(PF6¯ as counterion). 
 
The interpretation of signals in proton NMR spectra of these fractals were also consistent 
with the assigned structure. Four sets of tpy signals were observed in both ligands 2-LB, 2-LE and 
complexes G2, G5, indicating a highly symmetrical structure were formed after complexation, 
respectively (Figure 1.27A and D). All the protons of 3′, 5′ positions on the metal-free tpy units of 
2-LB or 2-LE, i.e., A3′,5′ and B3′,5′ were shifted downfield (~0.4 ppm) due to electron deficiency 
upon coordination with metal ions, while those protons of 6, 6″ positions were significantly shifted 
upfield (~ 0.7 ppm) due to electron shielding effects according to the previous reports.26,27 Ligand 
2-LC showed four types of tpy signals but five types after complexation in G3 due to the different 
symmetry. Similarly, the protons of 3′, 5′ positions on the A, B, and E units were shifted downfield 
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and protons of 6, 6″ positions were shifted upfield in G3 (Figure 1.27B). Ligand 2-LA and the 
tetratopic ligand 2-LD only displayed two types of tpy signals and these resonance signals had 
distinguishable shift after coordination in G1 or G4 (Figure 2.17C). In addition, the characteristic 
protons on alkoxy chain (-OCH2-) with a specific integration ratio in each structure also suggested 
the formation of discrete structure rather than polymers, for instance, 1:2 in G2, 2:1:2 in G3, 1:1 
in G4 and 1:2:1 in G5. All the assignments were confirmed by detailed 2D COSY and 2D NOESY 
spectra, respectively.  
 
2.3.3 Size and Geometry of Fractals 
G1-G5 are designed particularly to elaborate the concept of fractal by coordination-driven 
self-assembly. Although they are not identical at all levels of magnification, they display statistical 
self-similarity which mimic the form of fractal. Generally, those structures possess the same 
repeating shape unit, namely G1, but display at different scales, leading to different molecular 
geometry and symmetry. G2 with three repeating units has a triangle geometry, while G3 is 
comprised of five repeating units with a dumbbell-shaped geometry. The higher generations G4 
and G5 consist of six and twelve repeating units, respectively, and display a hexagonal geometry. 
Moreover, all the geometry of G1 to G4 can be found as a proportion in G5, which exhibits the 
character of extended supramolecular fractal with high complexity. Molecular modeling shows 
that G1 has a size of 2.5 nm and the edge of the triangular G2 is around 5 nm. The distance along 
the vertical direction is around 6 nm, 7 nm and 11 nm for G3-G5, respectively. Based on the 
structures from the molecular modeling, the size is enlarged more than four times from the smallest 
supramolecule G1 (~ 2.5 nm) to the largest one G5 (~ 11 nm) (Figure 2.18). 
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Figure 2.17 1H NMR spectra of 2-LB-2-LE and G2-G5 (500 MHz, 300 K, 2-LD in CDCl3, 2-LB/LC/LE in 
DMSO-d6  and G2-G5 in CD3CN). 
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Figure 2.18 Energy-minimized structures of fractal complexes G1-G5 from molecular modeling (the alkyl chains 
are omitted for clarity). 
 
Diffusion-ordered NMR spectroscopy (DOSY) were applied to provide dimensional 
information of those supramolecular assemblies. All the five spectra showed narrow bands of 
signal which indicated the existence of a discrete supramolecular architecture for each system. 
Moreover, the diffusion coefficient (D, m2/s) were measured as  4.9910-10, 3.0510-10, 2.6310-
10, 1.9210-10, 1.4610-10 as the size gradually increased from G1 to G5. And the experimental 
hydrodynamic radius (rH) of the fractals were calculated as 1.3 nm, 2.4 nm, 2.9 nm, 4.2 nm and 
5.7 nm from D using the oblate spheroid model.28 It could be concluded these value agreed well 
to the molecular modeling (Figure 2.19). For instance, the obtained radii for G4 and G5 were 4.2 
nm and 5.7 nm, respectively, which were comparable to the sizes of 3.5 nm and 5.5 nm that were 
obtained from the molecular modeling. All the results were summarized in table 2-1. 
Transmission electron microscopy (TEM) was also utilized to provide further structural 
information regarding shape and size of these fractal complexes, especially the large fractal G4 
and G5. The measured dimension of individual molecule deposited on the surface of copper grid 
showed the diameter around 7 nm and 12 nm (the average distance between the farthest corners) 
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Figure 2.19 2D DOSY NMR spectra (600 MHz, 300 K) of G1-G5 in CD3CN. 
 
Table 2.1 Experimental diffusion coefficient (D) and hydrodynamic radius (rH) 
Fractal Dexp (m2/s) Log D rH (from D, nm) r (from modeling, nm) 
G1 4.99×10-10 -9.30 1.3 1.2 
G2 3.05×10-10 -9.52 2.4 2.5 
G3 2.63×10-10 -9.58 2.9 2.8 
G4 1.92×10-10 -9.62 4.2 3.5 
G5 1.46×10-10 -9.84 5.7 5.5 
 
for G4 and G5 in TEM imaging, respectively (Figures 2.20A-D), which were also consistent with 
the sizes obtained from molecular dynamic modeling as well as DOSY NMR experiments. 
Moreover, uniform dots with a narrow distribution of height around 2 nm were observed on freshly 
peeled mica surface using atomic force microscopy (AFM) (Figures 2.20E-H) for G4 and G5, 
suggesting the existence of individual molecules. 
 
2.3.4 Study of Physical Properties 
Given that triphenylamine motifs and tpy-metal complexes were extensively studied for 
optoelectronic properties and applications,15,29 a series of experiments including UV-Vis and 
cyclic voltammetry were performed to study the photophysical and electrochemical properties of 
108 
 
these complexes. As shown in the absorption spectra, all the complexes G1-G5 exhibited the 
typical  → ∗ bands localized on the tpy-Ph subunits at around 285 nm and 325 nm because of 
 
Figure 2.20 TEM and AFM images of G4 and G5 (A,C,E,G for G4 and B,D,F,H for G5). 
intra-ligand charge transfer (1ILCT). The band observed at around 485 nm for G2, G3 and G5 is 
assigned to the Ru(II)-tpy moiety because of the metal-to-ligand charge-transfer (MLCT) 
transitions.30 Moreover, each fractal also shows a characteristic absorption band centered at 390 
nm, which corresponds to the intramolecular charge transfer transition from the triphenylamine 
motif to the tpy-metal component (Figure 2.21A).31,32 
Oxidation and reduction properties of all the five fractals were studied using CV as well, 
and the results were summarized in Figure 2.21B. Two irreversible couples observed between -1.8 
V and -0.5 V are ascribed to the tpy-ligand-centered redox process, while overlapped by the broad 
peak from reduction process of triphenylamine motifs.15 The Ru(II)/Ru(III) oxidation process of 
tpy-based complex occurred at 0.8 V-1.0 V according to the literature,33 and the oxidation of the 
organic amine unit also occurred at around 1.0 V and 1.2 V with broad peak corresponding to 
successive one electron removal.34 That leads to an overlap in G2, G3 and G5 in the positive 
potential region. 
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Figure 2.21 UV-vis (10-6 M in CH3CN, 298 K) and CV(10-5 M in DMF with 0.1 M n-Bu4PF6, 298 K) at a scan rate 
of 100 mV/s. 
 
2.3.5 Investigation of Hierarchical Self-Assembly Behaviors 
Fractals G4 and G5 exhibited different hierarchical self-assembly behaviors under 
different conditions. It was revealed using TEM imaging that G4 could self-assemble into tubular 
nanostructures and further bound together to form twisted fiber-like aggregates (Figure 2.22A) by 
diffusing THF into the solution of the complex (5 mg/ mL in DMF) slowly. Similarly, G5 
hierarchically assembled into the well-organized tubular structure under the same condition as well 
and the diameter (~ 12 nm) of these nanostructures was close to that of the individual fractal G5 
from energy-minimized structure by molecular modeling (Figure 2.22B). The formation of those 
ordered nanostructures was probably ascribed to the multiple intermolecular interactions such as 
π−π stacking, CH−π hydrophobic/hydrophilic interactions.35 The proposed stacking models were 
displayed in Figures 2.22C and 2.22D. We speculated that the diameter and the orientation of the 
repeating units might result in the different hierarchical self-assembly behaviors of G4 and G5 in 
solution. 
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Figure 2.22 TEM images of nanostructures formed by G4 and G5 in solution and proposed packing models (A,C 
for G4; B,D for G5). 
It is well known that molecules could self-assemble into ordered 2D materials at 
liquid/solid interface through non-covalent interactions such as intermolecular, molecule-substrate, 
molecule-solvent, solvent-substrate interactions.36,37 Furthermore, many previous studies reported 
that alkylated compounds had a tendency to form ordered supramolecular assemblies on the highly 
oriented pyrolytic graphite (HOPG) surface due to their high affinities with each other.38,39 Thus, 
we reasoned that the giant complexes G4 and G5 with many alkyl chains on the rigid architectures 
could directly self-assemble into ordered 2D nanopattern on HOPG surface. The hierarchical self-
assembly behaviors of complexes G4 and G5 at liquid/solid interface were then investigated using 
scanning tunneling microscopy (STM). Fortunately, ambient STM imaging showed the formation 
of the anticipated honeycomb 2D supramolecular networks for both G4 (Figures 2.23A, 2.23B, 
and 2.23D) and G5 (Figures 2.23F, 2.23G, and 2.23I) after drop casting of the fresh prepared 
solution (0.2 mg/mL in DMSO) onto HOPG surface. Obviously, the networks formed by G4 had 
higher resolution which might result from its higher rigidity compared to G5. More interestingly, 
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with short incubation time,1D supramolecular metal-organic nanoribbons (SMON)19,40 with 
single-molecule width were also observed on HOPG surface for both G4 and G5 (Figures 2.23E, 
2.23H, and 2.23K). The SMON might have preferential growth directions that are related to the 
specific lattice direction according to the reported gold (I) cyanide nanowires formed on 
graphene;41 however, the current resolution by ambient STM was unable to provide more 
conclusive evidence. Nevertheless, the achievements of those 2D networks and 1D orientated 
nanostructures on surfaces using such giant supramolecular fractals may provide a new direction 
for the fabrication of graphene–organic heterostructures and advance the study of surface 
chemistry for other molecular-scale applications in the future. 
 
Figure 2.23 STM images of 2D networks and 1D nanoribbons formed by G4 and G5 on HOPG surface. A,B,C, D, 
E for G4; F,G, H, I, J, K for G5 and note that d, e, j are 3D STM images. 
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2.4 Conclusion 
To summarize this chapter, five supramolecular architectures with different number of a 
same repeating unit using triphenylamine and tpy moieties were successfully prepared to 
demonstrate the concept of “supramolecular fractal”. In the design of the ligands, three approaches 
were applied to precisely control the geometry as well as increasing the complexity which included 
bridging the triphenylamine motifs and tpy units directly using Sonogashira coupling reaction, 
bridging two tpy-based monomers using Ru(II) chemistry and performing Sonogashira coupling 
on the Ru(II)-tpy complexes. Particularly, the third one was able to significantly increase the 
complexity of building blocks while preventing the problem of self-sorting, and thus, substantially 
increased the diversity and complexity of metallo-supramolecules. Structural characterizations of 
those architectures were accomplished by detailed 1D and 2D NMR spectroscopy, ESI-MS, 
TWIM-MS. Dimensional and geometrical information were provided by molecular modeling, 
DOSY NMR and TEM. Their photophysical and electrochemical properties were investigated for 
further application study. Besides the design and self-assembly of these discrete structures, the 
hierarchical self-assembly of the largest two fractals, G4 and G5 were also studied under different 
conditions. They were found to form tubular aggregates in solution while 2D networks and 1D 
orientated SMONs on HOPG surface. Those unique hierarchical self-assembly behaviors of the 
giant supramolecular architectures might broaden the avenue of novel materials such as semi-
conducting nanowires, and 2D supramolecular networks for specific applications at molecular 
level. 
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CHAPTER THREE: SELF-ASSEMBLY OF TETRA- AND HEXAMERIC 
TERPYRIDINE-BASED MACROCYCLES USING CD(II), ZN(II) AND FE(II) 
 
Note to Reader  
Portions of this chapter have been previously published in Inorg. Chem. 2018, 57, 3548-
3558; and have been reproduced with permission from ACS Publishing.  
 
3.1 Background 
To mimic the formation of proteins or enzymes from peptides in biosystems, 
supramolecular chemistry has learned and developed different methods to create complex 
architectures using self-assembly as an elegant and bottom-up approach.1-3 In particular, 
coordination-driven self-assembly has contributed a lot in constructing a myriad of metallo-
supromolecules, including one-dimensional (1D) helicates, two-dimensional (2D) macrocycles, 
knots, links, three-dimensional (3D) cages and capsules.3-5 It has benefit from a large structural 
diversity of organic building blocks and accessibility to different metal ions. Also, the precise 
control over the factors that determine the size and shape of assembles is critical to achieve those 
supramolecular architectures. However, there are many reports showed that small variations such 
as ligands’ geometries,6 metal ions,7,8 types of anions,9,10 concentration,11,12 and even solvent13 
could lead to large variations in the final structure and topology due to the dynamic nature of the 
self-assembly process. For instance, Lehn and coworkers reported the same tris-bipyridine ligand 
yielded a 1D triple helix with Ni(II) and a 2D pentanuclear circular double helix with Fe(II) in 
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early works.7,14 It’s suspected that the 2D circular double helix was generated as a thermodynamic 
product while the 1D triple helix was suggested as a kinetic product trapped in local minima. 
Nitschke et al. illustrated the competing effects of both anions and metals in determination of the 
formation of different structures prepared from a single self-assembled ligand L including M4L6 
tetrahedra, M6L8 extended circular helicates, M8L12 distorted cuboids, M10L15 pentagonal prisms 
and dynamic combinatorial library (DCL). It can be concluded that  the thermodynamics of 
formation of each structural type are finely balanced and subtle effects are able to tip this balance 
(Figure 3.1).15  
 
Figure 3.1 Structures observed from the combination of one ligand with different metals and anions. (Reproduced 
with permission from Ref 15. © American Chemical Society, 2013) 
 
In tpy-based coordination-driven self-assembly, Newkome et al. reported several cases of 
concentration-dependent systems and metals-dependent supramolecules were less explored.16-19 
For example, a metallodendrimer that was supercharged (120+) with a large diameter of 11.3 nm 
was synthesized through one-step self-assembly of a Ru(II)-monomer in a precise ratio (1:2) with 
Zn(NO3)2 directly. The resulted complex has 12 triangular macrocycles located at vertices of the 
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cuboctahedron core. Interestingly, when Cd2+ was used in a similar procedure, a new structure that 
has a smaller octahedron core with 6 triangular macrocycles at the vertices was formed (Figure 
3.2).18 This case illustrates the convenience of architectural transformations by simply changing 
the metal ions which may facilitate the design and construction of more supramolecular 
architectures with increasing diversity and complexity and advance the metal-dependent properties 
and applications.  
 
Figure 3.2 Self-assembly of supercharged metallodendrimers using different metal ions. (Reproduced with 
permission from Ref 18. © American Chemical Society, 2017) 
 
Based on the background discussed above, the goal in this chapter is to explore the factors 
controlling the self-assembly of different architectures, in particular, how variation of the metal 
ions would affect the nature of the assembly generated without changing the ligand in the field of 
tpy-based supramolecular chemistry. My initial design is to prepare several different structures 
through the self-assembly of one ligand with various transition metals. A tritopic tpy ligand was 
specifically designed to achieve this goal. It’s worth to mention that alkyloxy chains in the 
backbone of the ligand were incorporated in order to increase the solubility as well as simplify the 
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aromatic region of the proton NMR. Particularly, fluorine was introduced to the backbone of the 
ligand to facilitate multinuclear NMR characterization of (19F) the final structures. It’s well 
expected that self-assembly of the ligand with different metal ions with octahedral coordination 
geometry, viz., Cd(II), Zn(II) and Fe(II) would lead to the formation of different structures, such 
as tetrameric, hexametric macrocycles or 3D spherical supramolecule (Figure 3.3). 
 
Figure 3.3 Expected structures through self-assembly of the ligand with different metal ions. 
 
3.2 Experimental Section 
3.2.1 Materials and Physical Measurements 
Compound 3-1 was synthesized according to the reported method.20 Column 
chromatography was conducted using SiO2 (VWR, 40-60 um, 60Å) and the separated products 
were visualized by UV light. 1H NMR and 13C NMR spectral data were recorded on a Bruker 
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Avance 400-MHz ,500-MHz NMR spectrometer and Varian inova 400-MHz spectrometer in 
CDCl3 and CD3CN with TMS standard. 19F NMR spectral data for organic compounds were 
recorded on a Varian inova 400-MHz spectrometer in CDCl3 (trichlorofluoromethane was added 
as the reference, 0 ppm). 19F NMR spectral data for complexes were recorded on a Bruker Avance 
500-MHz spectrometer in CD3CN (PF6¯ was viewed as the reference).21 MALDI-TOF mass 
spectra were recorded with a Bruker AutoFlexII mass spectrometer using DCTB as matrix.  
ESI-MS: ESI-MS measurement was conducted on Waters Synapt G2 mass spectrometer 
with traveling wave ion mobility. The concentration of complexes is 5 mg/mL for NMR 
measurement and 2 mg/mL for ESI-MS measurement. 
IM-MS: The IM-MS experiments were performed Waters Synapt G2 under the following 
conditions: ESI capillary voltage, 3kV; sample cone voltage, 30 V; extraction cone voltage, 3.5 V;  
source temperature 100 ºC; desolvation temperature, 100 ºC; cone gas flow, 10 L/h; desolvation 
gas flow, 700 L/h (N2);  source gas control, 0 mL/min; trap gas control, 2 mL/min; Helium cell 
gas control, 100 mL/min; ion mobility (IM) cell gas control, 30 mL/min;  sample flow rate, 5 
μL/min;  IM traveling wave height, 25 V; and IM traveling wave velocity, 1000 m/s.  
CV: Cyclic voltammetry measurements were performed on a GAMRY Reference 600 
potentiost with a standard three-electrode configuration using a platinum button working electrode, 
a platinum flag counter electrode and a silver wire pseudo-reference electrode. The 
electrochemical properties of these two complexes in DMF were studied in a three-electrode 
electrochemical cell with Bu4NPF6 (0.001 M) as electrolyte.  
TEM: The sample was dissolved in a mixed solvent of DMF/THF (v/v: 1:4) at a 
concentration of 5.0 mg/mL. The nanostructures were formed after 4-7 days and measured by 
depositing the solution on copper grids (carbon coated 400 mesh Cu grids purchased from 
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www.2spi.com). The TEM images were taken with a FEI Morgagni transmission electron 
microscope. 
   Molecular modeling: Energy-minimized molecular models of the macrocycles were 
conducted with Materials Studio version 4.2, using the Anneal and Geometry Optimization tasks 
in the Forcite module (Accelrys Software, Inc.). All counterions and alkyl chain were omitted. 
Geometry optimization used a universal force field with atom-based summation and cubic spline 
truncation for both the electrostatic and Van der Waals parameters. 
 
3.2.2 Synthesis of Ligand and Complexes 
 
Figure 3.4 Synthetic protocol of ligand 3-L. 
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Compound 3-2. A mixture of 5-bromo-3-fluoro-2-hydroxybenzaldehyde (4.0 g, 18.3 
mmol), 1-bromooctane (4.2 g, 22.0 mmol), K2CO3 (5.1 g, 36.6 mmol) and DMF (100 mL) was 
heated at 100 °C overnight. The mixture was cooled to room temperature. After DMF was removed 
under reduced pressure, the crude product was purified by a silica gel column chromatography. 
Compound 3-2 was obtained as a yellowish oil (5.4 g, 82%). 1H NMR (400 MHz, CDCl3) δ 10.34 
(s, 1H, Ph-Ha), 7.71 (dd, J = 2.5, 1.5 Hz, 1H, Ph-Hb), 7.45 (dd, J = 10.9, 2.5 Hz, 1H, Ph-Hc), 4.24 
(td, J = 6.6, 2.0 Hz, 2H, alkyl-Hd), 1.90 – 1.70 (m, 2H, alkyl-He), 1.54 – 1.39 (m, 2H, alkyl-Hf), 
1.30 (m, 8H, alkyl-Hg, alkyl-Hh, alkyl-Hi and alkyl-Hj), 0.97 – 0.81 (m, 3H, alkyl-Hk). 13C NMR 
(100 MHz, CDCl3) δ 187.43, 187.40, 156.29, 153.77, 149.01, 148.90, 130.87, 130.85, 126.15, 
126.12, 125.82, 125.59, 115.01, 114.93, 75.50, 31.74, 29.95, 29.23, 29.15, 25.74, 22.60, 14.04. 19F 
NMR (376 MHz, CDCl3) δ -133.17. EI-MS (m/z): Calcd. for [C15H20BrFO2·]+: 330.0. Found: 329.9. 
 
Compound 3-3. To a solution of NaOH powder (2.4 g, 60mmol) in EtOH (50 mL), 
compound 3-2 (3.3 g, 10 mmol) and 2-acetylpyridine (2.66 g, 22 mmol) was added. After stirring 
at room temperature for 24 h, aqueous NH3•H2O (28%, 40 mL) was added, the resulting mixture 
was refluxed for 20 h. After cooling to room temperature, the solid was collected by suction 
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filtration with CHCl3, light purple solid was obtained, the crude product was purified by column 
chromatography on silica gel with dichloromethane: methanol (100:0.5) as the eluent to afford the 
product as a white solid (3.75 g, 60%). 1H NMR (400 MHz, CDCl3) δ 9.26 – 8.41 (m, 6H, tpy-H6, 
tpy-H3 and tpy-H3’), 7.88 (td, J = 7.8, 1.5 Hz, 2H, tpy-H4), 7.49 (d, J = 1.9 Hz, 1H, Ph-Ha), 7.41 – 
7.29 (m, 3H, Ph-Hb, tpy-H5), 3.91 (t, J = 6.4 Hz, , 2H, alkyl-Hc), 1.54 (m, 2H, alkyl-Hd), 1.14 (m, 
4H, alkyl-He, alkyl-Hf), 1.00 (m, 6H, alkyl-Hg, alkyl-Hh, alkyl-Hi), 0.77 (t, J = 7.2 Hz, 3H, alkyl-
Hj). 13C NMR (100 MHz, CDCl3) δ 157.16, 155.95, 155.47, 154.66, 149.16, 145.95, 144.18, 
144.06, 136.78, 136.04, 128.32, 123.83, 121.30, 121.17, 120.50, 120.28, 115.13, 115.03, 74.70, 
31.68, 29.86, 29.19, 29.00, 25.73, 22.53, 14.01. 19F NMR (376 MHz, CDCl3) δ -129.21. ESI-TOF 
(m/z): Calcd. for [C29H29BrFN3O + H]+:534.16. Found: 534.16. 
 
Compound 3-4. To a Schlenk flask containing compound 3-3 (2.13 g, 4 mmol), Pd(PPh3)4 
(231 mg, 0.2 mmol), CuI (30.4 mg, 0.16 mmol) and ethyltrimethylsilane (1.18 g, 12 mmol) was 
added. After the removal of air and back-filled with nitrogen, 20 mL of triethylamine and 40 mL 
of THF was added. The suspension was then stirred at 65 oC for 12 hours. After evaporating the 
solvent under vacuum, the residue was purified by column chromatography on silica gel with 
dichloromethane: methanol (100:0.5) as the eluent to get compound 3-4 as a yellow solid (2.10 g, 
95%). 1H NMR (400 MHz, CDCl3) δ 8.75 – 8.61 (m, 6H, tpy-H6, tpy-H3 and tpy-H3’), 7.86 (td, J 
= 7.8, 1.6 Hz, 2H, tpy-H4), 7.49 (s, 1H, Ph-Ha), 7.33 (dd, J = 6.9, 5.2 Hz, 2H, tpy-H5), 7.26 (dd, J 
= 11.6, 1.9 Hz, 1H, Ph-Hb), 3.97 (t, J = 6.2 Hz, 2H, alkyl-Hc), 1.62 – 1.52 (m, 2H, alkyl-Hd), 1.15 
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(m, 4H, alkyl-He, alkyl-Hf), 1.08 – 0.93 (m, 6H, alkyl-Hg, alkyl-Hh, alkyl-Hi), 0.77 (t, J = 7.2 Hz, 
3H, alkyl-Hj), 0.26 (s, 9H, TMS-H). 13C NMR (100 MHz, CDCl3) δ 156.56, 156.21, 155.51, 154.09, 
149.28, 146.70, 145.48, 145.37, 136.90, 134.66, 129.63, 123.90, 121.56, 121.31, 120.57, 120.36, 
118.72, 118.62, 103.41, 94.98, 74.80, 74.76, 31.83, 30.04, 29.34, 29.15, 25.88, 22.67, 14.16, 0.03. 
19F NMR (376 MHz, CDCl3) δ -129.52. ESI-TOF (m/z): Calcd. for [C34H38FN3O2Si + H]+: 552.28. 
Found: 553.28. 
 
Compound 3-5. Potassium carbonate (1.58 g, 11.14 mmol) was added to a solution of 
compound 3-4 (2.10 g, 3.8 mmol) in 50 mL methanol. The mixture was stirred at room temperature 
for 3h. After that, 50 mL of water was added, and the suspension was extracted with CHCl3. The 
combined organic layer was washed with brine, dried over anhydrous Na2SO4, and then 
concentrated in vacuo, the crude prude was purified by column chromatography on silica gel with 
dichloromethane: methanol (100:0.5) to get compound 3-5 as a white solid (1.72 g, 95%). 1H NMR 
(400 MHz, CDCl3) δ 8.73 (d, J = 4.5 Hz, 2H, tpy-H6), 8.69 (m, 4H, tpy-H3 and tpy-H3’), 7.89 (td, 
J = 7.9, 1.6 Hz, 2H, tpy-H4), 7.83 (dd, J = 7.7, 1.5 Hz, 1H, Ph-Ha), 7.52 (s, 1H, Ph-Hb), 7.38 – 7.33 
(m, 2H, tpy-H5). 4.01 (t, J = 6.4 Hz, 2H, alkyl-Hd), 3.10 (s, 1H, Ph-Hc), 1.59 (m, 2H, alkyl-He), 
1.27 – 1.12 (m, 2H, alkyl-Hf), 1.04 (m, 8H, alkyl-Hg, alkyl-Hh, alkyl-Hi and alkyl-Hj), 0.79 (t, J = 
7.2 Hz, 3H, alkyl-Hk). 13C NMR (100 MHz, CDCl3) δ 156.08, 155.45, 149.17, 136.76, 129.67, 
129.65, 127.06, 123.78, 121.43, 121.17, 120.67, 120.46, 77.66, 74.71, 74.66, 31.70, 29.92, 29.21, 
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29.02, 25.75, 22.54, 14.01. 19F NMR (376 MHz, CDCl3) δ -129.22. ESI-TOF (m/z): Calcd. for 
[C31H30FN3O + H]+: 480.25. Found: 480.25. 
 
Ligand 3-L：Under nitrogen protection, a mixture of Pd(PPh3)4 (52 mg, 0.05 mmol), CuI 
(7.6 mg, 0.04 mmol), 1,3,5-triiodobenzene (407 mg, 0.9 mmol) and compound 3-5 (1.5 g, 3.1 
mmol) in 25 mL DMSO and 15 mL Et3N was stirred at 80 oC for 48 h. 150 mL water was added 
and used DCM to extract 3 times. After that, the organic layer was washed three times with water. 
DCM was removed, and the residue was purified by column chromatography on SiO2 with 
chloroform (adding 1% ethanol) as the eluent to afford 3-L in 72 % yield as a white solid. 1H NMR 
(500 MHz, CDCl3) δ 8.76 – 8.73 (m, 6H, tpy-H6), 8.73 – 8.70 (m, 12H, tpy-H3 and tpy-H3’), 7.91 
(td, J = 9.8, 2.3 Hz, 6H, tpy-H4), 7.69 (s, 3H, Ph-Ha), 7.59 (dd, J = 2.5, 1.6 Hz, 3H, Ph-Hb), 7.39 – 
7.33 (m, 9H, tpy-H5 and Ph-Hc), 4.03 (td, J = 8.0, 1.0 Hz, 6H, alkyl-Hd), 1.65 – 1.57 (m, 6H, alkyl-
He), 1.27 – 1.18 (m, 6H, alkyl-Hf), 1.18 – 1.12 (m, 6H, alkyl-Hj), 1.11 – 0.98 (m, 18H, alkyl-Hg, 
alkyl-Hh and alkyl-Hi), 0.80 (t, J = 9.0 Hz, 9H, alkyl-Hk). 13C NMR (125 MHz, CDCl3) δ 156.61, 
156.12, 155.46, 154.15, 149.19, 146.54, 146.51, 145.51, 145.40, 136.74, 134.77, 134.74, 134.19, 
129.34, 129.31, 123.81, 123.76, 121.49, 121.17, 120.17, 119.96, 118.18, 118.08, 89.14, 89.11, 
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88.18, 74.76, 74.70, 31.71, 29.94, 29.23, 29.03, 25.77, 22.55, 14.02. 19F NMR (376 MHz, CDCl3) 
δ -129.17. MALDI-TOF MS (m/z): Calcd. for [C99H90F3N9O3 + H]+ 1510.7. Found: 1510.6. 
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Complex Cd6(3-L)4: To a solution of ligand 3-L (7.2 mg, 4.8 μmol) in CHCl3 (1 mL), a 
solution of Cd(NO3)2•4H2O (2.2 mg, 7.2 μmol) in MeOH (3 mL) was added; then the mixture was 
stirred at 50 oC for 8 h. After cooling to room temperature, 200 mg NH4PF6 was added and 
observed red precipitate. The product was collected and washed with water by centrifugation (yield  
91%). 1H NMR (500 MHz, CD3CN) δ 8.99 (s, 2H, tpy-Ha3′), 8.94 (s, 4H, tpy-Ha3), 8.76 (d, J = 8.1 
Hz, 2H, tpy-H3′), 8.69 (d, J = 8.2 Hz, 4H, tpy-H3), 8.30 (d, J = 6.9 Hz, 2H, , tpy-H4′), 8.20 – 8.12 
(m, 6H, tpy-H4 and tpy-H6′), 8.10 (s, 4H, tpy-H6), 7.93 (s, 2H, Ph-HA′), 7.91 (s, 2H, Ph-HA and Ph-
HB′), 7.88 (s, 2H, Ph-HB), 7.76 (d, J = 11.4 Hz, 1H, Ph-HC′), 7.70 (d, J = 12.0 Hz, 2H, Ph-HC), 7.63 
– 7.58 (m, 2H, tpy-H5′), 7.47 – 7.41 (m, 4H, tpy-H5), 4.26 (m, 6H, alkyl-HD and alkyl-HD′), 1.75 – 
1.64 (m, 6H, alkyl-HE and alkyl-HE′), 1.30 (m, 6H, alkyl-HF and alkyl-HF′), 1.14 (m, 6H, alkyl-HG 
and alkyl-HG′), 0.91 (m, 18H, alkyl-HH, alkyl-HH′ alkyl-HI, alkyl-HI′, alkyl-HJ and alkyl-HJ′), 0.66 
(m, 9H, alkyl-HK and alkyl-HK′). 13C NMR (125 MHz, CD3CN) δ 156.30, 156.27, 154.33, 154.30, 
151.68, 151.64, 149.78, 149.73, 149.70, 149.62, 148.69, 148.61, 145.75, 145.71, 145.65, 145.62, 
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141.60, 141.46, 133.90, 132.57, 129.87, 129.47, 127.55, 127.36, 124.70, 124.58, 124.02, 123.72, 
123.69, 118.30, 118.22, 88.91, 88.27, 75.19, 75.14, 31.46, 31.43, 29.99, 29.94, 29.16, 29.09, 29.04, 
29.01, 26.11, 25.98, 22.26, 22.21, 13.28, 13.24. 19F NMR (471 MHz, CD3CN) δ -128.57，-128.44. 
ESI-MS (m/z): 1969.5 [M-4PF6¯]4+ (calcd m/z: 1969.5), 1546.5 [M-5PF6¯]5+ (calcd m/z: 1546.5), 
1264.7 [M-6PF6¯]6+ (calcd m/z: 1264.7), 1063.3 [M-7PF6¯]7+ (calcd m/z: 1063.3), 912.3 [M-
8PF6¯]8+ (calcd m/z: 912.3), 794.7 [M-9PF6¯]9+ (calcd m/z: 794.7) and 700.8 [M-10PF6¯]10+ (calcd 
m/z: 700.8).  
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Complexes Zn6(3-L)4 and Zn9(3-L)6: To a solution of ligand 3-L (7.0 mg, 4.6 μmol) in 
CHCl3 (1 mL), a solution of Zn(NO3)2•6H2O (2.1 mg, 7.0 μmol) in MeOH (3 mL) was added; then 
the mixture was stirred at 50 oC for 8 h. After cooling to room temperature, 200 mg NH4PF6 was 
added to form a yellow precipitate. The product was collected and washed with water by 
centrifugation (yield 83%). 19F NMR (471 MHz, CD3CN) δ -128.57，-128.44. ESI-MS (m/z): 
1548.3 [M-4PF6¯]4+ (calcd m/z: 1548.3), 1489.9 [M-5PF6¯]5+ (calcd m/z: 1489.9), 1217.5 [M-
6PF6¯]6+ (calcd m/z: 1217.5), 1022.8 [M-7PF6¯]7+ (calcd m/z: 1022.8), 876.9 [M-8PF6¯]8+ (calcd 
m/z: 876.9), 763.4 [M-9PF6¯]9+ (calcd m/z: 763.4), 672.5 [M-10PF6¯]10+ (calcd m/z: 672.5) and 
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598.3 [M-11PF6¯]11+ (calcd m/z: 598.3) for Zn6(3-L)4. 1387.9 [M-8PF6¯]8+ (calcd m/z: 1387.9), 
1081.2 [M-10PF6¯]10+ (calcd m/z: 1081.2) and 969.8 [M-11PF6¯]11+ (calcd m/z: 969.8) for Zn9(3-
L)6.  
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Complexes Fe6(3-L)4 and Fe9(3-L)6: Ligand 3-L (56 mg, 37.1 µmol) and FeSO4.7H2O 
(15.5 mg, 55.7 µmol) were dissolved in 40 mL ethylene glycol. The solution was heated at 160 oC 
for 3 d under N2 protection. After that the solution was cooled down and added into a 60-mL 
methanol solution with 2 g NH4PF6. This solution was centrifuged, and residue was flash column 
chromatographed (SiO2) eluting with MeCN/sat.KNO3(aq) (100:0-100:15). After removal of the 
volatile, the mixture was filtered and washed with water. The solid were dissolved in methanol (4 
mL) and was dropped into a solution with NH4PF6 (240 mg in 8 mL methanol). Purple precipitate 
was washed with water and obtained product as a solid.  
Fe6(3-L)4. (yield 23%). 1H NMR (500 MHz, CD3CN) δ 9.20 (s, 2H, tpy-Ha3′), 9.17 (s, 4H, 
tpy-Ha3), 8.62 (d, J = 8.1 Hz, 2H, tpy-H3′), 8.51 (d, J = 8.0 Hz, 4H, tpy-H3), 8.14 (s, 1H, Ph-HA), 
8.09 (s, 2H, Ph-HA′), 8.01 – 7.94 (m, 3H, tpy-H4′ and Ph-HB′), 7.91 (d, J = 1.3 Hz, 2H, Ph-HB), 
7.73 (m, 7H, tpy-H4, Ph-HC′ and Ph-HC), 7.23 (d, J = 5.4 Hz, 2H, tpy-H6′), 7.21 – 7.15 (m, 2H, tpy-
H5′), 7.10 (d, J = 5.5 Hz, 4H, tpy-H6), 6.99 (t, J = 6.6 Hz, 2H, tpy-H5), 4.44 (t, J = 5.7 Hz, 2H, 
132 
 
alkyl-HD′), 4.33 (t, J = 5.6 Hz, 4H, alkyl-HD), 1.90 – 1.84 (m, 2H, alkyl-HE′), 1.79 – 1.71 (m, 4H, 
alkyl-HE), 1.50 (m, 2H, alkyl-HF′), 1.38 (m, 4H, alkyl-HF), 1.29 – 1.21 (m, 2H, alkyl-HG′), 1.12 (m, 
4H, alkyl-HG), 0.96 (m, 6H, alkyl-HH′, alkyl-HI′ and alkyl-HJ′), 0.82 (m, 12H, alkyl-HH, alkyl-HI 
and alkyl-HJ), 0.62 (t, J = 6.8 Hz, 3H, alkyl-HK′), 0.53 (t, J = 6.8 Hz, 6H, alkyl-HK).13C NMR (125 
MHz, DMSO) δ 160.51, 160.40, 158.47, 158.36, 157.29, 154.83, 153.60, 153.46, 146.87, 146.77, 
146.51, 146.38, 139.65, 139.44, 134.45, 133.36, 130.65, 128.17, 128.00, 124.92, 124.73, 124.64, 
124.56, 124.47, 119.04, 118.95, 89.51, 88.92, 75.88, 75.84, 31.91, 30.76, 30.68, 30.44, 29.87, 
29.73, 29.58, 26.96, 26.75, 22.68, 13.74. 19F NMR (471 MHz, CD3CN) δ -128.53，-128.64. ESI-
MS (m/z): 1478.7 [M-5PF6¯]5+ (calcd m/z: 1478.7), 1208.0 [M-6PF6¯]6+ (calcd m/z: 1208.0), 
1014.8 [M-7PF6¯]7+ (calcd m/z: 1014.8), 869.8 [M-8PF6¯]8+ (calcd m/z: 869.8), 757.1 [M-9PF6¯]9+ 
(calcd m/z: 757.1), 666.8 [M-10PF6¯]10+ (calcd m/z: 666.8), 593.1 [M-11PF6¯]11+ (calcd m/z: 593.1) 
and 592.6 [M-12PF6¯]12+ (calcd m/z: 592.6). 
Fe9(3-L)6. (yield 50%). 1H NMR (500 MHz, CD3CN) δ 9.25 (s, 2H, tpy-Ha3′), 9.16 (s, 4H, 
tpy-Ha3), 8.66 (d, J = 8.0 Hz, 2H, tpy-H3′), 8.54 (d, J = 8.0 Hz, 4H, tpy-H3), 8.16 (s, 1H, Ph-HA), 
8.14 (s, 2H, Ph-HA′), 8.05 – 7.98 (m, 3H, tpy-H4′, Ph-HB′), 7.94 (d, J = 1.5 Hz, 2H, Ph-HB), 7.85 – 
7.72 (m, 7H, tpy-H4, Ph-HC′ and Ph-HC), 7.27 (d, J = 5.3 Hz, 2H, tpy-H6′), 7.24 – 7.20 (m, 2H, tpy-
H5′), 7.14 (d, J = 5.7 Hz, 4H, tpy-H6), 7.05 – 7.00 (m, 4H, tpy-H5), 4.43 (t, J = 5.4 Hz, 2H, alkyl-
HD′), 4.34 (t, J = 5.6 Hz, 4H, alkyl-HD), 1.84 (m, 2H, alkyl-HE′), 1.80 – 1.73 (m, 4H, alkyl-HE), 
1.48 (m, 2H, alkyl-HF′), 1.39 (m, 4H, alkyl-HF), 1.21 (m, 2H, alkyl-HG′), 1.13 (m, 4H, alkyl-HG), 
0.96 – 0.79 (m, 18H, alkyl-HH, alkyl-HH′, alkyl-HI, alkyl-HI′, alkyl-HJ and alkyl-HJ′), 0.62 (t, J = 
6.9 Hz, 3H, alkyl-HK′), 0.57 (t, J = 6.9 Hz, 6H, alkyl-HK). 13C NMR (125 MHz, CD3CN) δ 159.95, 
159.84, 157.92, 157.81, 156.73, 154.27, 153.05, 152.91, 146.26, 145.84, 139.07, 138.88, 133.87, 
132.96, 132.81, 130.12, 127.60, 127.44, 124.35, 124.17, 124.08, 123.99, 123.90, 122.87, 118.47, 
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118.38, 89.10, 88.34, 75.32, 75.25, 31.39, 31.34, 30.19, 30.12, 29.88, 29.30, 29.18, 29.12, 29.02, 
26.37, 26.19, 22.11, 13.17. 19F NMR (471 MHz, CD3CN) δ -128.60，-128.73. ESI-MS (m/z): 
1884.5 [M-6PF6¯]6+ (calcd m/z: 1884.5), 1594.7 [M-7PF6¯]7+ (calcd m/z: 1594.7), 1377.2 [M-
8PF6¯]8+ (calcd m/z: 1377.2), 1208.1 [M-9PF6¯]9+ (calcd m/z: 1208.1), 1072.7 [M-10PF6¯]10+ 
(calcd m/z: 1072.7), 962.1 [M-11PF6¯]11+ (calcd m/z: 962.1), 869.9 [M-12PF6¯]12+ (calcd m/z: 
869.9), 791.8 [M-13PF6¯]13+ (calcd m/z: 791.8), 724.9 [M-14PF6¯]14+ (calcd m/z: 724.9), 666.9 [M-
15PF6¯]15+ (calcd m/z: 666.9), 616.2 [M-16PF6¯]16+ (calcd m/z: 616.2) and 571.4 [M-17PF6¯]17+ 
(calcd m/z: 571.4). 
Dimer Zn2(3-L)2: To a solution of ligand 3-L (7.6 mg, 5.0 μmol) in CHCl3 (1 mL), was 
added a solution of Zn(NO3)2•6H2O (1.4 mg, 5.0 μmol) in MeOH (3 mL); then the mixture was 
stirred at 50 ºC for 8 h. After cooling to room temperature, 100 mg NH4PF6 was added and yellow 
precipitate was observed. The precipitate was washed with water by centrifugation and dried under 
vacuum (yield 90%). ESI-MS (m/z): 788.1 [M-4PF6¯]4+ (calcd m/z: 788.1), 1099.1[M-3PF6¯]3+ 
(calcd m/z: 1099.1), 1721.1 [M-2PF6¯]2+ (calcd m/z: 1721.1). 1H NMR (500 MHz, CD3CN) shows 
small portion of supramolecular complexes inside which indicates stability of the favoured 
macrocycles. 
Dimer Cd2(3-L)2: To a solution of ligand 3-L (7.6 mg, 5.0 μmol) in CHCl3 (1 mL), was 
added a solution of Cd(NO3)2•4H2O (1.5 mg, 5.0 μmol) in MeOH (3 mL); then the mixture was 
stirred at 50 ºC for 8 h. After cooling to room temperature, 100 mg NH4PF6 was added and yellow 
precipitate was observed. The precipitate was washed with water by centrifugation and dried under 
vacuum (yield 90%). ESI-MS (m/z): 811.6 [M-4PF6¯]4+ (calcd m/z: 811.6), 1130.4 [M-3PF6¯]3+ 
(calcd m/z: 1130.4), 1768.1 [M-2PF6¯]2+ (calcd m/z: 1768.1). 1H NMR (500 MHz, CD3CN) shows 
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small portion of supramolecular complexes inside which indicates stability of the favoured 
macrocycles. 
 
Dimer Fe2(3-L)2: Ligand 3-L (56 mg, 37.1 µmol) and FeSO4.7H2O (10.3 mg, 37.1 µmol) 
were dissolved in 20 mL ethylene glycol. The solution was heated at 160 oC for overnight under 
N2 protection. After that the solution was cooled down and added into a 60 mL methanol solution 
with 1 g NH4PF6. This solution was centrifuged, and residue was flash column chromatographed 
(SiO2) eluting with MeCN/sat.KNO3(aq) (100:0-100:6). After removal of the volatile, the mixture 
was filtered and washed with water. The solid were dissolved in chloroform (2 mL) and was 
dropped into a solution with NH4PF6 (100 mg in 8 mL methanol). Purple precipitate was washed 
with water and obtained product as a purple solid (yield 57 %). 1H NMR (500 MHz, CD3CN) δ 
9.18 (s, 8H, tpy-Ha3), 8.80 (m, 8H, tpy-H6′, tpy-H3′ ), 8.75 (s, 4H, tpy-Ha3′), 8.54 (d, J = 7.9 Hz, 8H, 
tpy-H3), 8.09 (m, 8H, tpy-H4′, Ph-HA′ ), 7.90 (m, 6H, Ph-HA and Ph-HB ), 7.84 (m, 8H, tpy-H4 ), 
7.76 (d, J = 11.8 Hz, 4H, Ph-HC), 7.69 (s, 2H, Ph-HB′), 7.59 (d, J = 11.6 Hz, 2H, Ph-HC′ ), 7.54 (m, 
4H, tpy-H5′), 7.14 (m, 8H, tpy-H6), 7.05 (m, 8H, tpy-H5), 4.36 (t, J = 5.6 Hz, 8H, alkyl-HD), 4.10 
(t, J = 5.4 Hz, 4H, alkyl-HD′), 1.79 (m, 8H, alkyl-HE), 1.60 (m, 4H, alkyl-HE′), 1.42 (m, 8H, alkyl-
HF), 1.15 (m, 16H, alkyl-HG and alkyl-HH ), 1.06 – 0.74 (m, 44H, alkyl-HI and alkyl-HJ, alkyl-HF-
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K′ ), 0.59 ((t, J = 6.9 Hz, 12H, alkyl-HK). 19F NMR (471 MHz, CD3CN) δ -128.37，-128.23. ESI-
MS (m/z): 783.3 [M-4PF6¯]4+ (calcd m/z: 783.3), 1092.8 [M-3PF6¯]3+ (calcd m/z: 1092.8), 1711.6 
[M-2PF6¯]2+ (calcd m/z: 1711.6). 
 
3.3  Results and Discussion 
3.3.1 Self-Assembly of a Single Cd(II) Complex 
When Cd2+ was used as the metal source in the self-assembly, only one set of peaks were 
observed in the conventional ESI-MS spectrum (Figure 3.5A). The continuous charged species 
(5+ to 10+) by losing different numbers of PF6¯ counterions were readily assigned to the 
composition of Cd6(3-L)4 with a molecular weight of 8461.8 Da. The IM-MS spectrum displayed 
a series of narrow signals at each charge state, also suggesting the existence of tetramer as the 
major assembled structure (Figure 3.5B). In addition, the experimental isotope patterns agreed well 
with simulated peaks at each charge state which further supported the proposed tetramer structure 
(Figure 3.5D). We also investigated the effect of concentration which might result in different 
structures. While under different concentrations from 0.5 mg/mL to 8.0 mg/mL, still one set of 
signals were observed in the ESI-MS (Figure 3.5C). This indicated that the Cd-tetramer is 
concentration-independent.  
Two sets of tpy signals with a 2:1 ratio were observed in the 1H NMR of Cd6(3-L)4 
complex which was also consistent with the proposed tetrameric macrocycle. The shift of aromatic 
protons from tpy units and phenyl groups were similar to previous reports.22,23 Other than the 
protons at 6 position of tpy dramatically shifted upfield (Δδ = 0.6 ppm) due to the electron shielding 
effect after complexation with metal ions, all other aromatic proton peaks of tpy and phenyl were 
shifted slightly downfield. In 19F NMR spectrum, the two peaks around 72 ppm were assigned to  
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Figure 3.5 (A) ESI-MS, (B) 2D ESI-IM-MS spectra (m/z vs. drift time), (C) ESI-MS spectra under different 
concentration (0.5 mg/mL-8.0 mg/mL, top to bottom) and (D) isotope patterns for the different charge states (top for 
calculated and bottom for measured) of complex Cd6(3-L)4. 
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the PF6¯ according to the literature.21 Meanwhile, a clear diagnostic feature was the presence of 
two different signals at -128.57 and -128.44 ppm suggesting the formation of a architecture with 
two types of tpy. Accordingly, pure L only showed a single peak at -129.17 ppm (Figure 3.6). 
 
Figure 3.6  1H NMR spectra (A) and 19F NMR spectra (B) of ligand 3-L in CDCl3 and complex Cd6(3-L)4 in 
CD3CN. 
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3.3.2 Self-Assembly of a Mixture of Zn(II) Complexes 
These primary results of Cd6(3-L)4 complex motivated us to explore the self-assembly 
using other metal, such as Zn(II) which has slightly lower lability and reversibility with tpy 
compared with Cd(II).24 In contrast to the single product observed using Cd(II), two structures 
produced according to the ESI-MS detection when Zn(II) was used as the metal source in the self-
assembly (Figure 3.7A). According to the charge state and the isotope pattern of each charged 
species, these two structures were assigned to the tetramer and hexamer with a corresponding 
composition of Zn6(3-L)4 and Zn9(3-L)6 as proposed initially (Figure 3.7C).  It’s worth noting that 
IM-MS clearly separated the different charged ions of tetramer and hexamer at the same m/z which 
were overlapped at some charge states in conventional ESI-MS (Figure 3.7B). Because the weak 
connectivity of <tpy-Zn(II)-tpy> was not stable enough to sustain regular chromatographic 
separation, we were not able to isolate these two assemblies from the mixture. The effect of 
concentration was further examined in a similar way as Cd(II) tetramer. The ESI-MS still showed 
the same mixture when the concentration varied from 0.5 mg/mL to 8.0 mg/mL (Figure 3.7D). 
However, only two sets of signals were detected in 19F and 1H NMR spectra, which were 
similar to the spectra of the Cd(II) tetramer (Figure 3.8A). We inferred that Zn(II) tetramer and 
hexamer could have similar NMR patterns as other tpy-based macrocycles reported.25,26 
Nevertheless, 2D COSY NMR showed split correlation between two adjacent characteristic 
protons (i.e. 3 position with 4 position, 4 position with 5 position and 5 position with 6 position) 
on tpy (Figure 3.8B), indicating two species existed. Therefore, both the ESI-MS and IM-MS result 
as well as the 2D NMR evidenced the existence of proposed tetrameric and hexametric 
macrocycles for Zn(II) self-assembly. The next challenge was isolating or preparing of these two 
complexes in a clean manner.  
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Figure 3.7 ESI-MS (A), 2D ESI-IM-MS spectra (m/z vs. drift time) (B), ESI-MS spectra under different 
concentration (0.5 mg/mL-8.0 mg/mL, top to bottom) (C) and isotope patterns for the different charge states (top for 
calculated and bottom for measured) of complex 
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Figure 3.8 19F NMR spectra (471 MHz) (A) and 2D COSY NMR (aromatic region, 500 MHz) (B) of complex 
Zn6(3-L)4 and Zn9(3-L)6 in CD3CN. 
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3.3.3 Self-Assembly and Separation of Fe(II) Complexes 
As mentioned earlier, the distinct coordination chemistry between the tpy-based ligands 
and transition metals such as liability and reversibility provide us multiple options for self-
assembly and offer opportunities to tune the geometry of the products. Besides Cd(II) and Zn(II), 
Fe(II) which has a stronger binding strength with tpy is explored for the self-assembly as well. 
Using FeSO4•7H2O as metal source, we followed the same self-assembly procedure using 
CHCl3/MeOH as solvent at 50 oC. However, only polymeric products were observed in ESI-MS. 
According to the previous reports, the thermodynamic product could be only obtained at higher 
temperature when Fe(II) was used in the self-assembly.23,27 Ethylene glycol was then used as 
solvent for self-assembly at 160 oC for 3 d under N2 protection due to its high boiling point and 
good solubility. ESI-MS and IM-MS spectra showed the formation of a mixture which could be 
assigned to a tetramer and a hexamer similar to the Zn(II) complexes (Figures 3.9A and 3.9B). 
Because the strong connectivity of <tpy-Fe(II)-tpy> is stable enough to sustain regular 
chromatographic separation,23,28 we successfully isolated both the tetramer Fe6(3-L)4 and the 
hexamer Fe9(3-L)6 using regular silica column with isolation yields of 23% and 50%, respectively. 
This indicates that the high temperature significantly improves the reversibility of <tpy-Fe(II)-tpy> 
connectivity and prevents the formation of random polymeric assemblies. The nice and clean ESI-
MS and IM-MS spectra with one set of signals observed all suggested the pure structure of each 
complex after the separation (Figures 3.9C-F). Furthermore, the multiple charge states and the 
corresponding isotope pattern of each charge state supported their tetrameric and hexametric 
composition as proposed for the two complexes (Figure 3.10). 
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Figure 3.9 ESI-MS and ESI-IM-MS spectra (m/z vs. drift time) of Fe(II) complexes before and after column 
separation (A,B for mixture; C, D for Fe6(3-L)4 and E, F for Fe6(3-L)4). 
 
The most conclusive evidences indicating their 2D macrocyclic structures for the two Fe(II) 
complexes were provided by 1H and 19F NMR, which unambiguously exhibited two sets of signals 
corresponding to proposed structures. As expected, the 1H NMR and 19F NMR spectra of the Fe(II) 
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Figure 3.10 Isotope patterns for the different charge states (top for calculated and bottom for measured) of complex 
Fe6(3-L)4  and Fe9(3-L)6. 
144 
 
tetramer and the Fe(II) hexamer exhibited two sets of tpy signals with almost identical distribution 
owing to their symmetric cyclic geometry (Figure 3.11). For instance, 19F NMR spectra displayed 
two broad peaks at around -128.53 and-128.64, -128.60 and -128.73 with a 1:2 ratio for both 
tetrameric and hexametric macrocycles which were similar to the peaks observed at around -
128.61 and -128.70 ppm in the Zn(II) mixtures. Compared to the similar NMR pattern and mass 
spectrometry results observed for Zn(II) self-assembly, we reasoned that Zn(II) and Fe(II) should 
have similar self-assembly behavior except for their different stabilities. Very recently, Newkome 
and coworkers reported the separation of tetramer using the combination of Ru(II) and Fe(II) with 
a similar 3-armed tpy ligand with triphenylamine scaffold; however, no hexamer was reported in 
their study.28 We speculated the triphenylamine may introduce more flexibility to accommodate 
the ring strain in the formation of tetramer compared to the more rigid 1,3,5-triethynylbenzene 
core in our ligand. As such, tetramer was the predominant structure in their case perhaps due to 
entropy-driven self-assembly. 
 
Figure 3.11 1H NMR spectra (A) and 19F NMR spectra (B) of Fe6(3-L)4 and Fe9(3-L)6 in CD3CN. 
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3.3.4  Intermediate Dimers 
 So far, the tristerpyridine ligand is able to form either a tetrameric macrocycle or a mixture 
of both tetrameric and hexameric macrocycles in the self-assembly with different metal ions. 
While the other proposed 3D spherical structure is not observed. We attribute the formation of 
those macrocycles to the stable small dimers (Figure 3.12), which may act as an intermediate 
before reaching the final structure. To validate our hypothesis, 3-L and three metal ions were 
mixed with a precise stoichiometric ratio of 1:1 for self-assembly, respectively. As expected, a set 
of signals assigned to a hexagon-like dimer in ESI-MS as the predominant structure was observed 
in each case (Figure 3.12 and 3.13A). The 2D COSY NMR of the Fe(II) dimer showed two types 
of tpy with correlation between the adjacent protons which supported the structure of the dimer 
(Figure 3.13B).This inductive effect through forming a hexagon-like dimer was also observed in 
a previous study with a different tritopic tpy ligand.29  
More interestingly, Zhang and co-workers recently reported a similar organic tetrameric 
structure which contained two macrocyclic panels and exhibited D2h symmetry through dynamic 
covalent assembly.30 Similarly, the formation of a small irregular hexagon was proved as the key 
intermediate in the assembly of such purely organic tetramer. Therefore, the assembly of such bent 
tetrameric macrocycles in a dynamic non-covalent approach coincides perfectly with the behavior 
of a dynamic covalent approach. This coincidence broadens our understanding of structure design 
and self-assembly. Taken together, we speculated that the formation of Cd(II) tetramer as the sole 
product was attributed to the large size of Cd(II) with considerable coordination deviation, while 
Zn(II) and Fe(II) were not able to sustain a pure product under such conditions.  
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Figure 3.12 ESI-MS of dimers Cd2(3-L)2 and Zn2(3-L)2. 
 
 
Figure 3.13 ESI-MS spectrum (A) and 2D COSY spectrum (aromatic region) of dimers Fe2(3-L)2 (B). 
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3.3.5  Size Difference of Cd(II), Zn(II) and Fe(II) Complexes 
Molecular modeling provides the theoretical dimensional information of the tetramer and 
hexamer. The hexamer with higher symmetry has a diameter of 6.3 nm and the tetramer has a 
diameter of 4.7 nm (the longest distance within the modeling) (Figure 3.14). Diffusion-ordered 
NMR spectroscopy (DOSY) was also applied to compare the size difference of these complexes. 
It’s obvious that the assemblies by 3-L and Zn(II) displays two sets of signals overlapped with 
each other corresponding to the mixture of tetra- and hexametric macrocycles when compared with 
other three supramolecules Cd6(3-L)4, Fe6(3-L)4 and Fe9(3-L)6. The three tetramers exhibit almost 
the same diffusion coefficient by showing a narrow band at around the same position due to their 
similar framework of the supramolecules. While the Fe9(3-L)6 exhibits a smaller diffusion 
coefficient which means a larger hydrodynamic radius (Figure 3.15). All these results are 
consistent with the molecular modeling.  
 
Figure 3.14 Energy-minimized structures of tetrameric and hexametric macrocycles from molecular modeling (the 
alkyl chains are omitted for clarity). 
148 
 
 
Figure 3.15 2D DOSY NMR spectra of these supramolecular assemblies (500 Hz, 5.0 mg/ mL in CD3CN, 300 K). 
 
Table 3.1 Experimental drift times (ms) of tetramers at each charge state 
 6+ 7+ 8+ 9+ 10+ 11+ 
Cd6(3-L)4 5.07 4.30 3.86 3.31 2.98 2.65 
Zn6(3-L)4 4.96 4.19 3.75 3.20 2.87 - 
Fe6(3-L)4 5.18 4.19 3.75 3.20 2.87 2.54 
 
We further compared the size difference of Cd(II), Zn(II) and Fe(II) tetramers using IM-
MS drift time (Table 1), which can be assumed as the fingerprint of each structure although they 
have identical framework in the molecular modeling. Comparing drift time, compact structures 
always travel faster than more elongated (extended) ions at the same charge because of fewer 
interactions with the buffer gas in the ion mobility chamber, thus, IM-MS is a very powerful tool 
to differentiate isomers.31,32 According to the IM-MS results, the Zn(II) and Fe(II) tetramers 
displayed same drift times at each observed charge states except for 6+, suggesting the same size 
of their macrocyclic structures due to the similar ionic radii of metal ions, i.e., 88 pm for Zn(II) 
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and 75 pm for Fe(II). The Cd(II) tetrameric macrocycle, however, exhibited slightly larger drift 
time at each charge state compared with the other two tetramers which might be ascribed to a large 
radius of 109 pm. 
 
3.3.6  Cyclic Voltammetry 
 
Figure 3.16 Cyclic voltammogram of Fe(II) complexes (0.001 M in a 0.1 M solution of Bu4NPF6 in DMF) with 
scan rate of 100 mV/s. 
 
The electrochemical properties of two Fe(II) complexes in DMF were studied in a three-
electrode electrochemical cell with Bu4NPF6 (0.001 M) as electrolyte. Both complexes exhibited 
two tpy ligand-centered redox couples in negative potential region, suggesting two kinds of 
electron transferring environments for Fe(II) in each complex.33,34 which was consistent with the 
geometric symmetry of the complexes (Figure 3.16). Meanwhile, the redox potentials of those two 
complexes appeared at very close positions (E11/2 = -1.70 V, E21/2 = -1.54 V for Fe6(3-L)4 and E11/2 
= -1.72 V, E21/2 = -1.59 V for Fe9(3-L)6). But under zoomed-in-comparison, Fe9(3-L)6 showed 
slightly smaller peak-to-peak separation (ΔEp = 60 mV) for the redox couple at lower (less 
negative) potential region than Fe6(3-L)4  (ΔEp = 110 mV). This indicated hexameric macrocycle 
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had higher reversibility and faster electron transfer rate than the tetrameric macrocycle under the 
same condition due to an increase of localized repeating units and a decrease of band gap.35 
 
3.3.7  Fabrication of Nanostructures 
Supramolecular structures with long alkyl chains are widely studied for their hierarchical 
self-assembly into nanoaggregates. Considering those macrocycles have multiple long alkyl chains 
in their backbone, we investigated their hierarchical self-assembly behaviors in solution. It was 
found that all the macrocycles including Cd6(3-L)4, Fe6(3-L)4 and Fe9(3-L)6 could form spherical 
nanostructures in the mixed solvents of DMF and THF (v/v, 1/4). Transmission electron 
microscopy (TEM) measurements were performed by depositing the solution of macrocycles on 
copper grids, followed by drying under vacuum at 40 oC. Spherical aggregates with a diameter of 
50∼300 nm were observed directly (Figure 3.17). It’s suspected that those aggregates were formed 
through multiple intermolecular interactions such as π−π stacking and CH−π interactions 
according to the previous report.36,37 
 
Figure 3.17 TEM images of spherical aggregates of Cd6(3-L)4 (A, B), Fe6(3-L)4 (C, D), and Fe9(3-L)6 (E, F). 
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3.4  Conclusion 
In this chapter, the self-assembly behaviors of the same tristerpyridine ligands with Cd(II), 
Zn(II) and Fe(II) based on their different coordination abilities such as binding strength and 
reversibility were investigated in-depth. When Cd(II) was used as coordination center, the self-
assembly favored the formation of the pure tetrameric macrocycle which may be attributed to the 
large size of Cd(II) with considerable coordination deviation. Whereas, Zn(II) and Fe(II) 
assembled a mixture of tetrameric and hexametric macrocycles. Because of the strong connectivity 
of <tpy-Fe(II)-tpy>, the two Fe(II) complexes were successfully isolated through regular 
chromatographic separation and displayed identical NMR spectra (1H, 19F) reminding us the 
limitation of NMR characterization for macrocycles. Nevertheless, those structures were well 
evidenced in the ESI-MS and IM-MS. Also, the evidence of forming intermediate dimers for 
Cd(II), Zn(II) and Fe(II) in ESI-MS suggested their similar self-assembly behavior. 
Electrochemical properties as well as the hierarchical self-assembly behaviors in solution were 
further investigated. In addition to the previous studies mostly reported on the structural variation 
between 3D structures depending on concentration, this case on the structural variation between 
2D macrocycles depending on the metal ions will enrich the library of supramolecular structures 
and enhance our fundamental understanding of supramolecular assembly. 
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CHAPTER FOUR: INTRODUCING SEVEN TRANSITION METAL IONS INTO 
TERPYRIDINE-BASED SUPRAMOLECULES: SELF-ASSEMBLY AND DYNAMIC 
LIGAND EXCHANGE STUDY 
 
Note to Reader  
Most portions of this chapter have been submitted to the Journal of the American Chemical 
Society and are currently under peer review.  
 
4.1 Background 
In the past few decades, coordination-driven self-assembly has witnessed the successful 
construction of a wide array of well-defined metallo-supramolecular architectures.1-3 This can be 
attributed to the large structural diversity of organic building blocks and accessibility to different 
metal ions. Among the library of those widely studied organic donor building blocks, such as 
pyridine,4,5 bipyridine,6 phenantroline,7 terpyridine,8 pyridine-diamide,9,10 and carboxylic 
acids,11,12 2,2':6',2"-terpyridine (tpy) has been extensively investigated as a tridentate motif for its 
well-documented coordination chemistry towards different metal ions including main group, 
transition metals and lanthanide cations.13 As such, both discrete structures with various topology 
such as macrocycles, cages14-18 and infinite materials including supramolecular polymers and 
networks featuring <tpy-M-tpy> connectivity have been synthesized and reported,19,20 which have 
also facilitated the exploration in metal-dependent properties and applications in sensing, catalysis 
and etc.21-23 
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Figure 4.1 Self-Assembly of tpy-based discrete structures using Ru(II) or Os(II). (Reproduced with permission from 
Ref 31. © American Chemical Society, 2014;  and Ref 32. © Wiley-VCH, 2015 ) 
 
 Although tpy is able to stabilize various metal cations as a tridentate Pincer ligand, three 
metal ions are mainly adopted to construct large discrete structures through direct self-assembly, 
viz., Cd(II), Zn(II) and Fe(II) in the field of tpy-based supramolecular chemistry.24-30 Very few 
cases have expanded the scope to Ru(II) and Os(II) with simple geometry and low complexity 
either by tedious post-assembly separation or under harsh reaction condition with low yields.31,32 
For instance, a highly symmetric nanosphere was synthesized via a one-pot reaction of a 
tristerpyridine ligand with Ru(II) under kinetical control (Figure 4.1A).31 The product was actually 
purified in moderate yields (i.e., 35%) by flash column chromatography (silica), while the 
structures assembled with Cd(II) and Zn(II) were always obtained in quantitative yields. Similarly, 
two triangular macrocycles using Ru(II) and OS(II) as the metal center were self-assembled and 
purified by column chromatography from a 60o directional ligand as well(Figure 4.1B).32 The even 
lower yield of Os(II) complex (10%), compared to the Ru(II) complex (24%) was presumably due 
to the more severe reaction conditions (around 200 oC in ethylene glycol) for the synthesis. In this 
report, the author also studied the binding strength using gradient MS2 in tandem with TWIM-MS. 
It was found that the binding strength followed the order Ru > Os  >Fe in the triangular complexes. 
Combining the previous study on the relative binding strength of <tpy–M(II)–tpy> connectivity 
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using MALDI-TOF-MS,13 it can be concluded that the relative stability of <tpy–M(II)–tpy> 
follows the order: Co > Ru > Os > Fe > Ni > Cu > Mn > Cd. However, those findings are 
based on simple <tpy–M(II)–tpy> complexes and the results are relatively primary. Thus, 
constructing large discrete structures featuring <tpy–M(II)–tpy> connectivity using other metal 
ions and studying their relative binding strength in-depth is challenging but of significance.  
One of the basic features inherent in supramolecular chemistry is its dynamic nature that 
can organize the molecular components into a supramolecular entity by virtue of non-covalent 
interactions when compared with the conventional synthetic chemistry. The generation of highly 
complex architectures can benefit from this dynamic nature which allows the supramolecular 
species to reversibly dissociate and associate to ultimately form the most favorable products under 
control. While it remains a formidable challenge to characterize the dynamic process because 
multiple possible intermediates and processes may get involved depending on concentration, 
temperature, time, etc. To date, only a few examples have been reported to study the dynamic 
process using NMR,33-35 mass spectrometry (MS)36-38, and fluorescence-resonance energy transfer 
(FRET).39-41 Therefore, studying the self-assembly dynamics not only enhances the understanding 
of the processes but also facilitates the design and construction of supramolecular architectures 
with desired functionality. 
The goal in this chapter is to introduce different metal ions into tpy-based supramolecules 
to broaden the spectrum of metal ions used in the self-assembly of discrete supramolecular 
architectures with increasing diversity; also using ESI-MS to study the kinetics of the dynamic 
ligand exchange process between two discrete supramolecules with same metal centers to provide 
comprehensive understanding of the relationship between the allover structural stability and the 
type of metal ion used in the self-assembly. 
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4.2 Experimental Section 
4.2.1 Materials and Physical Measurements 
General Procedures. All reagents were purchased from Sigma-Aldrich, Fisher Scientific, 
Oakwood Chemicals, Ark Pharm, and used without further purification. Column chromatography 
was conducted using SiO2 (VWR, 40-60 µm, 60 Å) and the separated products were visualized by 
UV light or confirmed by ESI-MS. 1H NMR and 13C NMR spectral data were recorded on a Bruker 
BioSpin GmbH 400-MHz (probe: Z104450_0395 (PA BBO 400S1 BBF-H-D-05 Z)), Varian 400-
MHz (probe: ASW_5mm_z_4811) 
ESI-MS: ESI-MS was conducted on Waters Synapt G2 mass spectrometer with traveling 
wave ion mobility separation capability. The IM-MS experiments for complexes were performed 
under the following conditions: ESI capillary voltage, 3.0 kV; sample cone voltage, 30 V; 
extraction cone voltage, 2.0 V;  source temperature 100 ºC; desolvation temperature, 120 ºC; cone 
gas flow, 10 L/h; desolvation gas flow, 700 L/h (N2);  source gas control, 0 mL/min; trap gas 
control, 2 mL/min; Helium cell gas control, 100 mL/min; ion mobility (IM) cell gas control, 30 
mL/min;  sample flow rate, 5 μL/min;  IM traveling wave height, 25 V; and IM traveling wave 
velocity, 1000 m/s.  
gMS2: Gradient tandem mass spectrometry (gMS2) was performed under the following 
conditions: 13+ charged ions of complexes were isolated by quadrupole for the collision induced 
dissociation (CID) by applying increasing voltage of trap cell depended on different complexes. 
Calibration curve: the stock solutions (1.0  10-4 M in CH3CN) of the complexes SA-M 
and SB-M were mixed together in different ratio (v/v, the total volume was kept 150 μL) using 
200 μL pipette at room temperature (for SA-Cd and SB-Cd under -15±1 oC) and were subjected 
to ESI-MS analysis immediately. The peak of each complex at one of the selected charge states 
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was plotted to Origin software for peak area and labeled as ASA or ASB. The concentrations of SA 
and SB, labeled as [SA] and [SB] in each individual analysis were calculated as (1.0  10-4 v/150) 
M. After data processing, a linear relationship was obtained between peak area ratio 
(ASA/(ASA+ASB)) and concentration ratio ([SA]/([SA]+[SB])). The linear curve was used as the 
calibration curve to find the concentration of SA at each time spot in the dynamic ligand exchange 
experiment. 
 
 
Figure 4.2 Data processing of calibration curve for SA-Cu and SB-Cu as an example. 
 
Dynamic ligand exchange experiment: 5 mL stock solutions of  each complex SA-M and 
SB-M were mixed together in a sealed vessel and stirred at a certain temperature (for example, 
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25±1 oC for SA-Cu and SB-Cu). The process was monitored by ESI-MS over time. The peak area 
of complex SA-M at one of the selected charge states was labeled as ASA.  The area of all the ions, 
which include SB-M and hybrid supramolecules formed during the exchange, at the same charge 
state was labeled as Atotal. Then the concentration ratio of complex SA-M at each time spot 
[SA]/[Stotal] (as x) was calculated by plotting ASA/Atotal (as y) into the obtained calibration curve 
y=ax+b. As the concentration of the total complexes [Stotal] in the system at each time spot was a 
fixed number, the concentration of complex SA-M at each time spot [SA] was obtained then. 
According to the experimental kinetics, the concentration factor of the reactant (1/[A] - 1/[A0]) 
should be linear to the reaction time (t) and the slope is the reaction rate constant kobs for a second 
order (simplified) reaction.  
 
 
Figure 4.3 Data processing of dynamic ligand exchange experiment of complexes SA-Cu and SB-Cu at 25±1 oC as 
an example. 
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4.2.2 Synthesis of Ligand and Complexes 
 
Figure 4.4 Synthetic protocol of ligand 4-L. 
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Compound 4-1. To a solution of 2-hydroxyl-5-bromo benzaldehyde (10 g, 50 mmol) in 
DMF (50 mL), 1-bromohexane (11.6 g, 60 mmol), K2CO3 (14 g, 100 mmol) were added and the 
mixture was heated at 110 °C overnight. The reaction mixture was cooled to room temperature, 
extracted with ethyl acetate and further purified by silica gel column chromatography with ethyl 
acetate: hexane (1:3) to afford the product as white solid (10.5g, 81% yield).1H NMR (400 MHz, 
CDCl3, 300 K) δ 10.42 (s, 1H, CHO-H), 7.92 (d, J = 2.6 Hz, 1H, Ph-Hc), 7.60 (dd, J = 8.9, 2.7, 
1H, Ph-Ha), 6.88 (d, J = 8.9 Hz, 1H, Ph-Hb), 4.06 (t, J = 6.4 Hz, 2H), 1.94-1.74 (m, 2H), 1.53-
1.42 (m, 2H), 1.38-1.24 (m, 8H), 0.91 (t, J = 6.3 Hz, 3H).  13C NMR (100 MHz, CDCl3, 300K) δ 
188.34, 160.38, 138.17, 130.72, 126.11, 114.52, 113.16, 77.32, 77.00, 76.68, 68.95, 31.73, 29.22, 
29.14, 28.94, 25.96, 22.60, 14.04. 
 
Compound 4-2. To a flask containing NaOH (2.3 g, 58 mmol) in EtOH (60 mL), compound 
4-1 (2.9 g, 9.2 mmol) and 2-acetylpyridine (2.8 g, 23 mmol) were added. After stirring at room 
temperature overnight, aqueous NH3•H2O (37%, 38 mL) was added and the mixture continued to 
react at 60 ºC overnight. After cooling down to room temperature, the reaction mixture was 
extracted with ethyl acetate and purified by silica gel column chromatography with DCM: 
methanol (100:1) to afford the product as brown solid (3.1 g, 52% yield). 1H NMR (400 MHz, 
CDCl3, 300K) δ 8.78-8.59 (m, 6H, tpy-H6,6’’, tpy-H3,3’’, tpy-H3’,5’), 7.87 (td, J = 7.7, 1.8 Hz, 2H, 
tpy-H4,4’’), 7.67 (d, J = 2.5 Hz, 1H, Hc), 7.45 (dd, J = 8.8, 2.5 Hz, 1H, Hb), 7.37-7.28 (m, 2H, tpy-
H5,5’’), 6.87 (d, J = 8.8 Hz, 1H, Ha), 3.98 (t, J = 6.2 Hz, 2H), 1.70 (dt, J = 15.1, 6.4 Hz, 2H), 1.44-
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1.29 (m, 2H), 1.29-1.01 (m, 8H), 0.80 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3, 300K) δ 
156.25, 155.45, 155.16, 149.03, 146.95, 136.67, 132.88, 132.36, 130.27, 123.59, 121.57, 121.13, 
113.93, 112.80, 68.81, 31.70, 29.30, 29.06, 28.99, 26.07, 22.53, 14.02. ESI-TOF (m/z): Calcd. 
[C29H30BrN3O +H]+ for 516.165, found: 516.165. 
 
Compound 4-3. A mixture of compound 4-2 (2.5 g, 4.8 mmol), Pd(PPh3)2Cl2 (90 mg, 0.14 
mmol) and copper(I) iodide (13 mg, 0.07 mmol) was degassed under nitrogen for three times. After 
that, 30 mL anhydrous THF, 15 mL anhydrous Et3N and ethynyltrimethylsilane (1.3 mL, 9 mmol) 
were added subsequently. The mixture was stirred under 60 ºC overnight. After cooling down to 
room temperature, the solvent was removed under vacuum, and the residue was extracted with 
CH2Cl2. The combined organic phase was washed with brine and dried over Na2SO4. After removal 
of solvent under vacuum, the residue was purified by column chromatography on silica gel with 
DCM: methanol (100:1) as eluent to afford a yellow solid (1.9 g, 73% yield). 1H NMR (400 MHz, 
CDCl3, 300 K) δ 8.76-8.57 (m, 6H, tpy-H6,6'', tpy-H3',5', tpy-H3,3''), 7.86 (td, J = 7.7, 1.8 Hz, 2H, 
tpy-H4,4''), 7.71 (d, J = 2.1 Hz, 1H, Hc), 7.48 (dd, J = 8.5, 2.1 Hz, 1H, Hb), 7.32 (m, 2H, tpy-H5,5''), 
6.91 (d, J = 8.5 Hz, 1H, Ha), 4.01 (t, J = 6.2 Hz, 2H), 1.81-1.64 (m, 2H), 1.38 (p, J = 7.3 Hz, 2H), 
1.23-0.99 (m, 8H), 0.80 (t, J = 7.1 Hz, 3H), 0.26 (s, 9H). 13C NMR (100 MHz, CDCl3, 300 K) δ 
156.52, 156.40, 155.09, 149.20, 149.06, 147.51, 136.80, 136.69, 134.24, 133.69, 128.34, 123.57, 
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121.87, 121.72, 121.60, 121.17, 121.04, 115.37, 111.91, 104.84, 92.93, 68.60, 31.73, 29.34, 29.09, 
29.00, 26.11, 22.55, 14.04, 0.05. ESI-TOF (m/z): Calcd. [C34H39N3OSi + H]+ for: 534.29, found: 
534.29.  
 
Compound 4-4. To a flask containing solution of compound 4-3 (1.4 g, 2.8 mmol) in CHCl3 
(60 mL)， MeOH (60 mL), and K2CO3 (772 mg, 5.6 mmol) were added. After being stirred at 
room temperature for 4 h, the mixture was extracted with CHCl3, washed with brine and further 
purified by column chromatography on silica gel with chloroform: methanol (100:1) as eluent to 
afford the product as a light-yellow solid (0.9 g, 84% yield). 1H NMR (400 MHz, CDCl3, 300K) δ 
8.75-8.60 (m, 6H, tpy-H6,6'', tpy-H3',5', tpy-H3,3''), 7.86 (td, J = 7.7, 1.8 Hz, 2H, tpy-H4,4''), 7.73 (d, 
J = 2.2 Hz, 1H, Hc), 7.50 (dd, J = 8.5, 2.2 Hz, 1H, Hb), 7.32 (m, 2H, tpy-H5,5''), 6.94 (d, J = 8.5 Hz, 
1H, Ha), 4.02 (t, J = 6.2 Hz, 2H), 3.03 (s, 1H), 1.85-1.65 (m, 2H), 1.47-1.32 (m, 2H), 1.24-1.02 
(m, 8H), 0.80 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3, 300 K) δ 156.73, 156.37, 155.15, 
149.07, 147.39, 136.69, 134.33, 133.84, 128.50, 123.58, 121.72, 121.15, 114.23, 112.03, 83.37, 
76.19, 68.64, 31.74, 29.33, 29.07, 29.01, 26.11, 22.56, 14.04. ESI-TOF (m/z): Calcd. [C31H31N3O 
+ H]+ for: 461.25, found: 461.25. 
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Compound 4-L. 4-L was synthesized using the same method as 2-LD. Compound 2-28 
(600 mg, 0.52 mmol), compound 4-4 (1.2 g, 2 mmol), Pd(PPh3)4 (70 mg, 0.06 mmol) and copper(I) 
iodide (10 mg, 0.05 mmol) were degassed under nitrogen for three times. After that, anhydrous 
THF (40 mL), anhydrous Et3N (20 mL) were added and then the mixture was stirred at 70 oC for 
two days. The solvent of the reaction mixture was removed, and the residue was extracted with 
CHCl3. The combined organic phase was washed with brine and dried with anhydrous Na2SO4. 
After removal of solvent under vacuum, the crude product was purified by column 
chromatography on silica gel with chloroform: methanol (100:3) as eluent to afford the product as 
a yellow solid (380 mg, 39% yield). 1H NMR (400 MHz , CDCl3, 300 K) δ 8.82 (s, 4H, tpyA-H3',5'), 
8.78-8.74 (m, 4H, tpyA-H6,6''), 8.73 -8.62 (m, 16H, tpyB-H3',5', tpyB-H6,6'', tpyA-H3,3'', tpyB-H3,3''), 
7.96-7.81 (m, 10H, tpyA-H4,4'', tpyB-H4,4'', Ph-Ha), 7.77 (d, J = 2.1 Hz, 2H, Ph-Hf), 7.53 (dd, J = 
8.5, 2.1 Hz, 2H, Ph-Hg), 7.46 (m, 6H, Ph-Hc, Ph-Hd), 7.34 (m, 10H, tpyA-H5,5'', tpyB-H5,5'', Ph-Hb), 
7.10 (d, J = 8.3 Hz, 4H, Ph-He), 6.97 (d, J = 8.7 Hz, 2H, Ph-Hh), 4.04 (t, J = 6.2 Hz, 4H), 3.39 (t, 
J = 6.0 Hz, 2H), 1.72 (dt, J = 12.2, 6.2 Hz, 4H), 1.52-1.32 (m, 4H), 1.16 (m, 18H), 0.93 (m, 2H), 
0.80 (t, J = 7.0 Hz, 6H), 0.73 (m, 4H), 0.50 (t, J = 6.7 Hz, 3H).   13C NMR (100 MHz, CDCl3, 300 
K) δ 156.45, 156.30, 156.24, 155.49, 155.14, 154.68, 149.20, 149.10, 147.77, 147.62, 146.83, 
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146.49, 136.77, 136.70, 134.23, 134.18, 133.78, 133.20, 132.79, 132.65, 128.51, 124.13, 123.88, 
123.74, 123.57, 121.79, 121.62, 121.25, 121.18, 119.81, 118.20, 117.60, 115.71, 112.18, 89.87, 
88.95, 88.43, 88.26, 74.36, 68.67, 31.76, 31.32, 29.74, 29.36, 29.13, 29.04, 26.14, 25.42, 22.58, 
22.13, 14.06, 13.78. ESI-TOF (m/z): Calcd. [C124H107N13O3 + 2H]2+ for: 913.94, found: 913.92. 
Calcd. [C124H107N13O3 + 3H]3+ for: 609.63, found: 609.63. 
 
Complex SA-Zn [Zn12(2-LD)6]: To a solution of ligand 2-LD (5.2 mg, 2.9 μmol) in CHCl3 
(1.0 mL), a solution of Zn(NO3)2•6H2O (1.73 mg, 5.8 μmol) in MeOH (3.0 mL) was added 
dropwise. The mixture was heated at 50 ºC for 8 h before adding to a solution of NH4PF6 (70 mg 
in 20 mL MeOH). After a while, a precipitate was formed, washed with MeOH for three times by 
centrifugation, dried in vacuum to give the product as a yellow solid (6.9 mg, 96% yield). 1H NMR 
(400 MHz, CD3CN, 300 K) δ 9.28 (s, 4H, tpyA-H3',5'), 9.07 (s, 24H, tpyB-H3',5'), 8.81 (d, J = 8.7 Hz, 
4H, tpyA-H3,3''), 8.66 (d, J = 8.4 Hz, 4H, tpyB-H3,3''), 8.37 (s, 2H, Ph-Hd), 8.30-8.20 (m, 8H, tpyA-
H4,4'', tpyB-H4,4''), 8.08 (s, 2H, Ph-Ha), 7.94-7.84 (m, 10H, tpyA-H6,6'', tpyB-H6,6'', Ph-He), 7.69-7.58 
(m, 6H, Ph-Hb, Ph-Hh), 7.49-7.44 (m, 8H, tpyA-H5,5'', tpyB-H5,5''), 7.39 (d, J = 8.8 Hz, 2H, Ph-Hf), 
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7.28-7.25 (m, 6H, Ph-Hg, Ph-Hc), 4.32 (br, 4H), 3.72 (br, 2H), 1.91 (m, 4H), 1.52 (m, 4H), 1.27 
(m, 8H), 1.12-1.04 (m, 6H), 0.64 – 0.58 (m, 8H), 0.25 (t, J = 7.5 Hz, 3H). 13C NMR (100 MHz, 
CD3CN, 300 K) δ 155.82, 152.97, 148.71, 148.28, 147.14, 147.00, 140.52, 132.08, 131.88, 128.32, 
126.65, 126.09, 125.04, 123.57, 123.41, 122.20, 115.07, 112.49, 87.74, 87.31, 68.23, 66.06, 30.48, 
30.36, 29.37, 28.13, 25.20, 24.95, 21.36, 21.11, 12.30, 12.01.ESI-TOF (m/z): 1095.9 [M-
12PF6¯]12+ (calcd m/z: 1095.9), 1000.4 [M-13PF6¯]13+ (calcd m/z: 1000.4), 918.6 [M-14PF6¯]14+ 
(calcd m/z: 918.6)，847.7 [M-15PF6¯]15+ (calcd m/z: 847.7), 785.7 [M-16PF6¯]16+ (calcd m/z: 
785.7), 730.9 [M-17PF6¯]17+ (calcd m/z: 730.9). 
Complex SB-Zn [Zn12(4-L)6]: To a solution of ligand 4-L (4.8 mg, 2.6 μmol) in CHCl3 
(1.0 mL), a solution of Zn(NO3)2•6H2O (1.54 mg, 5.2 μmol) in MeOH (3.0 mL) was added 
dropwise. The mixture was heated at 50 ºC for 8 h and then added to a solution of NH4PF6 (70 mg 
in 20 mL MeOH). After a while, a precipitate was formed which washed with MeOH for three 
times by centrifugation and further dried in vacuum to give the product as a yellow solid (6.4 mg, 
95% yield). 1H NMR (400 MHz, CD3CN, 300 K) δ 9.28 (s, 4H, tpyA-H3',5'), 9.07 (s, 4H, tpyB-H3',5'), 
8.81 (d, J = 7.8 Hz, 4H, tpyA-H3,3''), 8.66 (d, J = 8.1 Hz, 4H, tpyB-H3,3''), 8.37 (s, 2H, Ph-Hd), 8.30-
8.15 (m, 8H, tpyA-H4,4'', tpyB-H4,4''), 8.08 (s, 1H, Ph-Ha), 7.98-7.79 (m, 10H, tpyA-H6,6'', tpyB-H6,6'', 
Ph-He), 7.66-7.60 (m, 6H, Ph-Hb, Ph-Hh), 7.48-7.44 (m, 8H, tpyA-H5,5'', tpyB-H5,5''), 7.38 (d, J = 8.8 
Hz, 2H, Ph-Hf), 7.28-7.25 (m, 6H, Ph-Hg, Ph-Hc), 4.31 (br, 4H), 3.71 (br, 2H), 1.91 (br, 6H), 1.50 
(m, 4H), 1.33-1.16 (m, 8H), 1.02-0.97 (m, 12H), 0.69-0.62 (m, 8H), 0.25 (t, J = 7.2 Hz, 3H). 13C 
NMR (100 MHz, CD3CN, 300 K) δ 156.64, 155.17, 153.77, 152.71, 149.51, 149.10, 147.96, 
147.83, 146.62, 146.43, 141.35, 140.67, 135.34, 132.91, 132.71, 127.48, 125.86, 124.34, 124.23, 
123.25, 123.03, 113.40, 88.51, 88.24, 69.08, 31.31, 31.19, 30.20, 28.96, 26.04, 25.79, 22.20, 21.94, 
13.13, 12.84. ESI-TOF (m/z): 1124.0 [M-12PF6¯]12+ (calcd m/z: 1124.0), 1026.4 [M-13PF6¯]13+ 
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(calcd m/z: 1026.4), 942.7 [M-14PF6¯]14+ (calcd m/z: 942.7)，870.2 [M-15PF6¯]15+ (calcd m/z: 
870.2), 806.8 [M-16PF6¯]16+ (calcd m/z: 806.8), 750.8 [M-17PF6¯]17+ (calcd m/z: 750.8). 
Complex SA-Fe [Fe12(2-LD)6]: To a solution of ligand 2-LD (5.8 mg, 3.3 μmol) in DMF 
(2.0 mL), a solution of FeCl2 (0.83 mg, 6.6 μmol) in MeOH (0.5 mL) was added dropwise and 
followed by an addition of 6.0 mL CF3CH2OH. The mixture was heated at 120 ºC in a sealed vessel 
overnight and then added to a solution of NH4PF6 (80 mg in 50 mL MeOH) after cooling to room 
temperature. After a while, a precipitate was formed, washed with MeOH for three times by 
centrifugation, dried in vacuum to give the product as a dark purple solid (7.5 mg, 92% yield). 1H 
NMR (400 MHz, CD3CN, 300 K) δ 9.49 (s, 4H, tpyA-H3',5'), 9.23 (s, 4H, tpyB-H3',5'), 8.71 (d, J = 
7.7 Hz, 4H, tpyA-H3,3''), 8.54 (d, J = 8.5 Hz, 4H, tpyB-H3,3''), 8.22 (s, 2H, Ph-Ha), 8.01-7.79 (m, 
12H, tpyA-H4,4'', tpyB-H4,4'', Ph-Hd, Ph-He), 7.73-7.54 (m, 6H, Ph-Hb, Ph-Hh), 7.42 (d, J = 8.1 Hz, 
2H, Ph-Hf), 7.33 -7.04 (m, 22H, tpyA-H6,6'', tpyB-H6,6'', tpyA-H5,5'', tpyB-H5,5'', Ph-Hg, Ph-Hc), 4.35 
(m, 4H), 3.92 (m, 2H), 1.53 (m, 6H), 1.32-1.19 (m, 6H), 1.04-0.75 (m, 10H), 0.61- 0.46 (m, 8H), 
0.09 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CD3CN, 300 K) δ 160.89, 160.61, 158.97, 158.87, 
157.58, 156.91, 156.62, 155.16, 154.03, 150.29, 148.43, 147.53, 139.97, 139.70, 134.30, 133.97, 
133.38, 125.67, 125.36, 125.22, 125.07, 124.93, 124.77, 124.59, 124.52, 124.48, 122.26, 122.11, 
121.95, 121.82, 121.66, 116.68, 114.36, 100.85, 99.71, 89.53, 89.23, 70.00, 69.68, 32.25, 32.13, 
29.90, 29.73, 26.84, 26.79, 23.15, 22.94, 14.06, 13.65. ESI-TOF (m/z): 1198.3 [M-11PF6¯]11+ 
(calcd m/z: 1198.3), 1086.4 [M-12PF6¯]12+ (calcd m/z: 1086.4), 991.7 [M-13PF6¯]13+ (calcd m/z: 
991.7)，910.5 [M-14PF6¯]14+ (calcd m/z: 910.5), 840.1 [M-15PF6¯]15+ (calcd m/z: 840.1), 778.5 
[M-16PF6¯]16+ (calcd m/z: 778.5). 
Complex SB-Fe [Fe12(4-L)6]: To a solution of ligand 4-L (6.4 mg, 3.5 μmol) in DMF (2.0 
mL), a solution of FeCl2 (0.88 mg, 7.0 μmol) in MeOH (0.5 mL) was added dropwise and followed 
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by an addition of 6.0 mL CF3CH2OH. The mixture was heated at 120 ºC in a sealed vessel 
overnight and then added to a solution of NH4PF6 (80 mg in 50 mL MeOH) after cooling to room 
temperature. After a while, a precipitate was formed, washed with MeOH for three times by 
centrifugation, dried in vacuum to give the product as a dark purple solid (8.1 mg, 93% yield). 1H 
NMR (400 MHz, CD3CN, 300 K) δ 9.48 (s, 4H, tpyA-H3',5'), 9.22 (s, 4H, tpyB-H3',5'), 8.70 (d, J = 
7.6 Hz, 4H, tpyA-H3,3''), 8.53 (d, J = 7.8 Hz, 4H, tpyB-H3,3''), 8.20 (s, 2H, Ph-Ha), 8.01-7.79 (m, 12H, 
tpyA-H4,4'', tpyB-H4,4'', Ph-Hd, Ph-He), 7.74-7.53 (m, 6H, Ph-Hb, Ph-Hh), 7.40 (d, J = 8.7 Hz, 2H, 
Ph-Hf), 7.32 -7.06 (m, 22H, tpyA-H6,6'', tpyB-H6,6'', tpyA-H5,5'', tpyB-H5,5'', Ph-Hg, Ph-Hc), 4.33 (s, 
4H), 3.90 (s, 2H), 1.47 (m, 6H), 1.24 (m, 6H), 1.05-0.71 (m, 8H), 0.54 ( m, 8H), 0.07 (s, 3H). 13C 
NMR (100 MHz, CD3CN, 300 K) δ 13C NMR (100 MHz, CD3CN, 300 K) δ 160.39, 159.98, 158.41, 
158.29, 157.02, 155.96, 153.30, 149.78, 147.88, 146.95, 139.44, 133.31, 133.03, 127.87, 127.69, 
126.73, 125.15, 125.01, 124.63, 124.38, 124.15, 123.88, 121.63, 121.30, 116.27, 113.82, 88.91, 
88.74, 87.68, 69.53, 69.40, 31.80, 29.71, 29.59, 29.48, 26.83, 22.53, 22.41, 22.30, 13.59, 13.13. 
ESI-TOF (m/z): 1228.9 [M-11PF6¯]11+ (calcd m/z: 1228.9), 1114.4 [M-12PF6¯]12+ (calcd m/z: 
1114.4), 1017.5 [M-13PF6¯]13+ (calcd m/z: 1017.5)，934.5 [M-14PF6¯]14+ (calcd m/z: 934.5.), 
862.5 [M-15PF6¯]15+ (calcd m/z: 862.5), 799.6 [M-16PF6¯]16+ (calcd m/z: 799.6). 
Complex SA-Cd [Cd12(2-LD)6]: To a solution of ligand 2-LD (5.2 mg, 2.9 μmol) in CHCl3 
(1.5 mL), a solution of Cd(NO3)2•4H2O (1.79 mg, 5.8 μmol) in MeOH (4.5 mL) was added 
dropwise. The mixture was heated at 50 ºC for 8 h and then added to a solution of NH4PF6 (70 mg 
in 20 mL MeOH). After a while, the precipitate was washed with MeOH for three times by 
centrifugation and dried in vacuum to give the product as a yellow solid (7.1 mg, 96% yield). 1H 
NMR (400 MHz, CD3CN, 300 K) δ 9.22 (s, 4H, tpyA-H3',5'), 9.02 (s, 4H, tpyB-H3',5'), 8.84 (d, J = 
8.4 Hz, 4H, tpyA-H3,3''), 8.70 (d, J = 8.2 Hz, 4H, tpyB-H3,3''), 8.37-8.13 (m, 18H, tpyA-H4,4'', tpyB-
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H4,4'', tpyA-H6,6'', tpyB-H6,6'', Ph-Hd), 8.04 (d, J = 2.1 Hz, 2H, Ph-Ha), 7.82 (d, J = 8.6 Hz, 2H, Ph-
He), 7.66-7.45 (m, 14H, tpyA-H5,5'', tpyB-H5,5'', Ph-Hb, Ph-Hh), 7.36 (d, J = 8.6 Hz, 2H, Ph-Hf), 7.29-
7.25 (m, 6H, Ph-Hg, Ph-Hc), 4.29 (m, 4H), 3.67 (m, 2H), 1.90-1.84 (m, 6H), 1.51 (m, 4H), 1.39-
1.01 (m, 12H), 0.82-0.53 (m, 6H), 0.32 (m, 3H). 13C NMR (100 MHz, CD3CN, 300 K) δ 156.59, 
155.05, 152.77, 152.70, 149.91, 149.64, 149.55, 148.86, 148.73, 146.66, 141.58, 141.52, 141.40, 
132.88, 132.70, 127.52, 127.26, 125.92, 124.54, 124.29, 123.55, 115.82, 113.30, 105.35, 96.54, 
88.52, 88.33, 73.69, 69.01, 31.35, 31.27, 28.96, 27.50, 25.74, 22.25, 22.21, 22.04, 13.22, 13.08. 
ESI-TOF (m/z): 1043.9 [M-13PF6¯]13+ (calcd m/z: 1043.9), 958.9 [M-14PF6¯]14+ (calcd m/z: 
958.9), 885.4 [M-15PF6¯]15+ (calcd m/z: 885.4)，821.0 [M-16PF6¯]16+ (calcd m/z: 821.0), 764.1 
[M-17PF6¯]17+ (calcd m/z: 764.1), 713.6 [M-18PF6¯]18+ (calcd m/z: 713.6). 
Complex SB-Cd [Cd12(4-L)6]: To a solution of ligand 4-L (6.2 mg, 3.3 μmol) in CHCl3 
(1.5 mL), a solution of Cd(NO3)2•4H2O (2.03 mg, 6.6 μmol) in MeOH (4.5 mL) was added 
dropwise. The mixture was heated at 50 ºC for 8 h before added to a solution of NH4PF6 (70 mg 
in 20 mL MeOH). The formed precipitate was washed with MeOH for three times by 
centrifugation and was dried in vacuum to give the product as a yellow solid (7.2 mg, 95 % yield). 
1H NMR (400 MHz, CD3CN, 300 K) δ 9.23 (s, 4H, tpyA-H3',5'), 9.04 (s, 4H, tpyB-H3',5'), 8.86 (d, J 
= 8.4 Hz, 4H, tpyA-H3,3''), 8.72 (d, J = 8.2 Hz, 4H, tpyB-H3,3''), 8.38-8.13 (m, 18H, tpyA-H4,4'', tpyB-
H4,4'', tpyA-H6,6'', tpyB-H6,6'', Ph-Hd), 8.06 (d, J = 2.1 Hz, 2H, Ph-Ha), 7.84 (d, J = 8.6 Hz, 2H, Ph-
He), 7.66-7.54 (m, 14H, tpyA-H5,5'', tpyB-H5,5'', Ph-Hb, Ph-Hh), 7.38 (d, J = 8.6 Hz, 2H, Ph-Hf), 7.29-
7.25 (m, 6H, Ph-Hg, Ph-Hc), 4.31 (m, 4H), 3.67 (m, 2H), 1.51 (m, 6H), 1.39-1.01 (m, 24H), 0.78-
0.62 (br, 10H), 0.47 (m, 3H).13C NMR (100 MHz, CD3CN, 300 K) δ 156.59, 155.11, 152.75, 
152.73, 151.99, 151.19, 149.93, 149.72, 149.70, 149.51, 148.85, 148.74, 141.54, 141.42, 132.89, 
132.70, 127.45, 127.30, 125.95, 124.58, 124.29, 123.68, 123.54, 115.81, 113.32, 88.52, 88.27, 
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68.96, 31.48, 31.25, 30.12, 30.06, 29.27, 29.08, 26.28, 25.96, 22.26, 22.14, 22.04, 13.30, 13.09, 
12.97. ESI-TOF (m/z): 1069.8 [M-13PF6¯]13+ (calcd m/z: 1069.8), 983.0 [M-14PF6¯]14+ (calcd m/z: 
983.0), 907.8 [M-15PF6¯]15+ (calcd m/z: 907.8)，842.0 [M-16PF6¯]16+ (calcd m/z: 842.0), 784.0 
[M-17PF6¯]17+ (calcd m/z: 784.0), 732.4 [M-18PF6¯]18+ (calcd m/z: 732.4). 
Complex SA-Co [Co12(2-LD)6]: To a solution of ligand 2-LD (9.2 mg, 5.2 μmol) in CHCl3 
(2.5 mL), a solution of CoCl2•6H2O (2.6 mg, 10.4 μmol) in MeOH (7.5 mL) was added dropwise. 
The mixture was heated at 80 ºC in a sealed vessel for 8 h and then cooled to room temperature. 
The solution was transferred to a solution of NH4PF6 (70 mg in 20 mL MeOH). After a while, a 
precipitate was formed, followed by washing with MeOH for three times by centrifugation, and 
dried in vacuum to give the product as an orange-red solid (11.9 mg, 94% yield).  1H NMR (400 
MHz, CD3CN, 300 K) δ 93.21(tpyA/B-H6,6''), 86.61(tpyA/B-H6,6''), 54.70 (tpyA/B-H3,3''), 49.54 (tpyA/B-
H3,3''), 44.03 (tpyA/B-H3',5'), 34.77(tpyA/B-H3',5'), 32.87(tpyA/B-H5,5''), 31.53(tpyA/B-H5,5''), 14.58(Ph-
Hd/a), 13.84(Ph-Ha/d), 10.29(Ph-Hb), 10.01(tpyA/B-H4,4''), 9.32(tpyA/B-H4,4''), 8.98(Ph-Hc), 8.81(Ph-
He), 8.69(Ph-Hh), 8.20 (Ph-Hf, Ph-Hg), 6.17, 3.79, 3.16, 2.86, 1.30, 1.27, 1.10, -0.02, -0.11, -0.61, 
-1.01, -1.72, -2.17. ESI-TOF (m/z): 1201.7 [M-11PF6¯]11+ (calcd m/z: 1201.7), 1089.5 [M-
12PF6¯]12+ (calcd m/z: 1089.5), 994.5 [M-13PF6¯]13+ (calcd m/z: 994.5)，913.1 [M-14PF6¯]14+ 
(calcd m/z: 913.1.), 842.6 [M-15PF6¯]15+ (calcd m/z: 842.6), 780.9 [M-16PF6¯]16+ (calcd m/z: 
780.9). 
Complex SB-Co [Co12(4-L)6]: To a solution of ligand 4-L (9.7 mg, 5.2 μmol) in CHCl3 
(2.5 mL), a solution of CoCl2•6H2O (2.6 mg, 10.4 μmol) in MeOH (7.5 mL) was added dropwise. 
The mixture was heated at 80 ºC in a sealed vessel for 8 h and then cooled to room temperature. 
The solution was transferred to a solution of NH4PF6 (70 mg in 20 mL MeOH). After a while, a 
precipitate was formed, followed by washing with MeOH for three times by centrifugation, and 
174 
 
dried in vacuum to give the product as an orange-red solid (10.8 mg, 92% yield). 1H NMR (400 
MHz, CD3CN, 300 K) δ 92.43(tpyA/B-H6,6''), 86.30(tpyA/B-H6,6''), 54.15(tpyA/B-H3,3''), 49.59(tpyA/B-
H3,3''), 43.17(tpyA/B-H3',5'), 34.89(tpyA/B-H3',5'), 32.68(tpyA/B-H5,5''), 31.55(tpyA/B-H5,5''), 14.58(Ph-
Hd/a), 13.81(Ph-Ha/d), 10.28 (Ph-Hb), 9.99 (tpyA/B-H4,4''), 9.38 (tpyA/B-H4,4''), 8.95(Ph-Hc), 8.81(Ph-
He), 8.70 (Ph-Hh), 8.20 (Ph-Hf, Ph-Hg), 6.14, 3.78, 3.12, 2.86, 1.30, 1.29, 1.27, 1.20, 1.13, -0.13, -
0.25, -1.73, -2.18. ESI-TOF (m/z): 1232.3 [M-11PF6¯]11+ (calcd m/z: 1232.3), 1117.5 [M-
12PF6¯]12+ (calcd m/z: 1117.5), 1020.4 [M-13PF6¯]13+ (calcd m/z: 1020.4)，937.1 [M-14PF6¯]14+ 
(calcd m/z: 937.1.), 865.0 [M-15PF6¯]15+ (calcd m/z: 865.0), 801.9 [M-16PF6¯]16+ (calcd m/z: 
801.9). 
Complex SA-Ni [Ni12(2-LD)6]: To a solution of ligand 2-LD (7.8 mg, 4.4 μmol) in CHCl3 
(2.5 mL), a solution of NiSO4•7H2O (2.5 mg, 8.8 μmol) in MeOH (7.5 mL) was added dropwise. 
The mixture was heated at 80 oC in a sealed vessel for 8 h and then cooled to room temperature. 
The solution was transferred to a solution of NH4PF6 (70 mg in 20 mL MeOH). After a while, a 
precipitate was formed, followed by washing with MeOH for three times by centrifugation, and 
dried in vacuum to give the product as a brown solid (9.3 mg, 91% yield).  ESI-TOF (m/z): 1201.4 
[M-11PF6¯]11+ (calcd m/z: 1201.4), 1089.1 [M-12PF6¯]12+ (calcd m/z: 1089.1), 994.2 [M-
13PF6¯]13+ (calcd m/z: 994.2)，912.8 [M-14PF6¯]14+ (calcd m/z: 912.8), 842.3 [M-15PF6¯]15+ 
(calcd m/z: 842.3), 780.6 [M-16PF6¯]16+ (calcd m/z: 780.6). 
Complex SB-Ni [Ni12(4-L)6]: To a solution of ligand 4-L (8.2 mg, 4.4 μmol) in CHCl3 (2.5 
mL), a solution of NiSO4•7H2O (2.5 mg, 8.8 μmol) in MeOH (7.5 mL) was added dropwise. The 
mixture was heated at 80 ºC in a sealed vessel for 8 h and then cooled to room temperature. The 
solution was transferred to a solution of NH4PF6 (70 mg in 20 mL MeOH). After a while, a 
precipitate was formed, followed by washing with MeOH for three times by centrifugation, and 
175 
 
dried in vacuum to give the product as a brown solid (9.6 mg, 92% yield).  ESI-TOF (m/z): 1232.0 
[M-11PF6¯]11+ (calcd m/z: 1232.0), 1117.3 [M-12PF6¯]12+ (calcd m/z: 1117.3), 1020.2 [M-
13PF6¯]13+ (calcd m/z: 1020.2)，936.9 [M-14PF6¯]14+ (calcd m/z: 936.9), 864.8 [M-15PF6¯]15+ 
(calcd m/z: 864.8), 801.7 [M-16PF6¯]16+ (calcd m/z: 801.7). 
Complex SA-Cu [Cu12(2-LD)6]: To a solution of ligand 2-LD (8.4 mg, 4.7 μmol) in CHCl3 
(2.5 mL), a solution of CuCl2 (1.3 mg, 9.4 μmol) in MeOH (7.5 mL) was added dropwise. The 
mixture was heated at 80 ºC in a sealed vessel for 8 h and then cooled to room temperature. The 
solution was transferred to a solution of NH4PF6 (70 mg in 20 mL MeOH). After a while, a 
precipitate was formed, followed by washing with MeOH for three times by centrifugation, and 
dried in vacuum to give the product as a yellow solid (9.2 mg, 92% yield).  ESI-TOF (m/z): 1206.7 
[M-11PF6¯]11+ (calcd m/z: 1206.7), 1094.0 [M-12PF6¯]12+ (calcd m/z: 1094.0), 998.7 [M-
13PF6¯]13+ (calcd m/z: 998.7)，917.0 [M-14PF6¯]14+ (calcd m/z: 917.0), 846.2 [M-15PF6¯]15+ 
(calcd m/z: 846.2), 784.3 [M-16PF6¯]16+ (calcd m/z: 784.3). 
Complex SB-Cu [Cu12(4-L)6]: To a solution of ligand 4-L (8.8 mg, 4.7 μmol) in CHCl3 
(2.5 mL), a solution of CuCl2 (1.3 mg, 9.4 μmol) in MeOH (7.5 mL) was added dropwise. The 
mixture was heated at 80 ºC in a sealed vessel for 8 h and then cooled to room temperature. The 
solution was transferred to a solution of NH4PF6 (70 mg in 20 mL MeOH). After a while, a 
precipitate was formed, followed by washing with MeOH for three times by centrifugation, and 
dried in vacuum to give the product as a yellow solid (9.3 mg, 94% yield).  ESI-TOF (m/z): 1237.3 
[M-11PF6¯]11+ (calcd m/z: 1237.3), 1122.1 [M-12PF6¯]12+ (calcd m/z: 1122.1), 1024.6 [M-
13PF6¯]13+ (calcd m/z: 1024.6)，941.1 [M-14PF6¯]14+ (calcd m/z: 941.1), 868.7 [M-15PF6¯]15+ 
(calcd m/z: 868.7), 805.3 [M-16PF6¯]16+ (calcd m/z: 805.3). 
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Complex SA-Mn [Mn12(2-LD)6]: To a solution of ligand 2-LD (6.8 mg, 3.8 μmol) in 
CHCl3 (0.5 mL), a solution of Mn(ClO4)2 (1.2 mg, 7.6 μmol) in MeCN (6.5 mL) was added 
dropwise. The mixture was heated at 50 ºC for 8 h and then cooled to room temperature. The 
solvent of the solution was evaporated, and the residue was dried in vacuum to give the product as 
an orange solid (7.9 mg, 99% yield).  ESI-TOF (m/z): 1143.5 [M-11ClO4¯]11+ (calcd m/z: 1143.5), 
1039.9 [M-12ClO4¯]12+ (calcd m/z: 1039.9), 952.3 [M-13ClO4¯]13+ (calcd m/z: 952.3)，877.1 [M-
14ClO4¯]14+ (calcd m/z: 877.1), 812.0 [M-15ClO4¯]15+ (calcd m/z: 812.0), 755.1 [M-16ClO4¯]16+ 
(calcd m/z: 755.1). 
Complex SB-Mn [Mn12(4-L)6]: To a solution of ligand 4-L (7.1 mg, 3.8 μmol) in CHCl3 
(0.5 mL), a solution of MnClO4 (1.2 mg, 7.6 μmol) in MeCN (6.5 mL) was added dropwise. The 
mixture was heated at 50 ºC for 8 h and then cooled to room temperature. The solvent of the 
solution was evaporated, and the residue was dried in vacuum to give the product as an orange 
solid (8.2 mg, 99% yield).  ESI-TOF (m/z): 1174.1 [M-11ClO4¯]11+ (calcd m/z: 1174.1), 1068.0 
[M-12ClO4¯]12+ (calcd m/z: 1068.0), 978.1 [M-13ClO4¯]13+ (calcd m/z: 978.1)， 901.2 [M-
14ClO4¯]14+ (calcd m/z: 901.2), 834.5 [M-15ClO4¯]15+ (calcd m/z: 834.5), 776.1 [M-16ClO4¯]16+ 
(calcd m/z: 776.1). 
 
4.3 Results and Discussion 
4.3.1 Self-Assembly with Different Metal Ions 
In an effort to explore the possibility of constructing metallo-supramolecules with different 
<tpy-M-tpy> connectivity, the tetratopic ligand 2-LD was first utilized to conduct the self-
assembly with a series of metal ions besides the most reported Zn(II), Cd(II) and Fe(II). The other 
tetratopic ligand 4-L with same rigid scaffold, but different side alkyl chains, was synthesized 
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particularly for dynamic ligand exchange study. Because of the intrinsic bond angles controlled by 
triphenylamine and appropriate molecular rigidity, 2-LD and 4-L were anticipated to form giant 
hexameric fractals through self-assembly according to the previous report and the results from 
chapter two.42 
The self-assembly was first carried out with Zn(II) and Cd(II), which were widely used for 
constructing of discrete structures based on the labile <tpy-M-tpy> connectivity. When 2-LD or 
4-L was mixed with Zn(NO3)2·6H2O or Cd(NO3)2·4H2O at a stoichiometric ratio of 1:2 in 
CHCl3/MeOH (v/v 1:3) at 50 oC for 8h, the expected fractal structures were readily obtained in 
high yields after counterion exchange and washing. Further study showed that Co(II), Ni(II), Cu(II) 
could also favor the formation of discrete structures rather than polymers by using common metal 
ions, i.e., CoCl2·6H2O, NiSO4·7H2O and CuCl2. Additionally, the self-assembly of those three 
metals were performed in a sealed vessel at 80 oC to avoid the evaporation of CHCl3 and MeOH.  
Following the same procedure, MnCl2 and MnSO4 were examined for the self-assembly, 
while the precipitation obtained after adding the solution to the NH4PF6 in MeOH for counterion 
exchange was insoluble in common organic solvents. When the self-assembly was conducted in 
CHCl3/CH3CN using Mn(ClO4)2, the expected hexameric structure was then achieved at 50 oC. 
Following the successful results of those metal ions, Fe(II) was similarly examined for the self-
assembly. To our surprise, none of the conditions turned out to work for the Fe(II) including the 
reported method by using ethylene glycol at 190 oC.27,28 Numerous efforts were made to construct 
the structure with <tpy-Fe-tpy> connectivity, and finally the goal was achieved by performing the 
self-assembly in DMF/CF3CH2OH (v/v 1:3) in a sealed vessel at 120 oC, followed by treatment 
with precipitation in saturated NH4PF6 solution and washing. It’s suspect that the binding strength 
of <tpy-Fe-tpy> is stronger than the other metal ions mentioned above. The common reaction 
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conditions are not able to afford the expected product under thermodynamic control while the 
DMF/CF3CH2OH at 120 oC turns out to be the optimal one. 
Other transition metal ions (i.e., Cr(II), Hg(II), Ir(III), Ru(II)), main group metal ions (i.e., 
Mg(II), Ca(II), Ga(III), Pb(II)) and lanthanides (i.e., La(III), Sm(III), Eu(III), Tb(III)) were all 
investigated and none of them could form a discrete structure according to ESI-MS. The 
unsuccessful trials might be attributed to either the unmatchable lability and reversibility of <tpy-
M-tpy> connectivity that was hard to maintain an exclusive thermodynamic-favored structure, or 
the chelating effect of the ligand with solvents and counterions that might prevent the formation 
of discrete structures. Thus, seven transition metals were found capable of self-assembling into 
hexameric fractal structures, so far, by using the tetratopic ligands 2-LD or 4-L we designed. 
Among them, Mn(II), Co(II), Ni(II), Cu(II) were reported for the first time to form such giant 
supramolecules with precisely controlled shapes and sizes in the field of tpy-based coordination-
driven self-assembly, and thus, substantially enriched the library of discrete metallo-
supramolecules with differ-ent metal ions. All the metal ions that were tried in the self-assembly 
was summarized in the table 4.1. 
Table 4.1 Metal ions that were used in the self-assembly 
Zn(NO3)2·6H2O √ CuCl2 √ Mg(ClO4)2  Ga(NO3)3  
Cd(NO3)2·4H2O √ MnClO4 √ Hg(NO3)2·H2O  Eu(OTf)3  
NiSO4·6H2O √ MnCl2  Pb(ClO4)2·3H2O  Sm(OTf)3  
CoCl2·6H2O √ CrCl2  Pb(NO3)2  La(OTf)3  
FeSO4·7H2O √ MgCl2  Ca(ClO4)2  Tb(OTf)3  
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4.3.2 Structural Characterization 
Conventional ESI-MS spectra provided strong evidence in determining the composition of 
M12L6 with a set of continuous charge states due to the loss of different numbers of counterions 
for both of the fractal structures SAs (assembled from 2-LD) and SBs (assembled from 4-L), for 
instance, 9+ to 19+ for SA-Ni and SB-Ni, 10+ to 20+ for SA-Co and SB-Co, 10+ to 18+ for  SA-
Cu and SB-Cu (Figures 4.5-4.11A and C). The experimental molecular weights for SAs were 
calculated as 14766, 14776, 14814, 14811, 14869, 14891, and 15455 Da for Mn, Fe, Co, Ni, Cu, 
Zn, Cd, respectively. Additionally, the experimental isotope pattern for each charged state of the 
supramolecules agreed well with the theoretical one (i.e., 952.3 for SA-Mn, 991.7 for SA-Fe, 
994.5 for SA-Co, 994.2 for SA-Ni, 998.7 for SA-Cu, 1000.4 for SA-Zn, 1043.9 for SA-Cd at 
charge state 13+), which also strongly supported the formula of the proposed structure M12L6 
(Figures 4.12-4.18). Traveling wave ion mobility-mass spectrometry (TWIM-MS)43,44 as a 
powerful tool to differentiate isomers or conformers, further confirmed the clean formation of the 
discrete structures by displaying a narrow distribution of drift time for each charge state in the 
spectra (Figures 4.5-4.11B and D). Moreover, all SAs with different metal ions gave comparable 
drift times at the same charge states (Table 4.2), suggesting that all those structures possess the 
same frameworks. While SA-Mn had a slightly larger drift time at each charge state which might 
be caused by the broader drift time distribution due to the nature of ClO4¯. SA-Cd  also exhibited 
slightly larger drift time which might be owing to a large radius compared with the other metals. 
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Figure 4.5 ESI-MS and TWIM-MS plot (m/z vs. drift time) of SA-Mn (A, B) and SB-Mn (C, D). 
 
 
Figure 4.6 ESI-MS and TWIM-MS plot (m/z vs. drift time) of SA-Fe (A, B) and SB-Fe (C, D). 
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Figure 4.7 ESI-MS and TWIM-MS plot (m/z vs. drift time) of SA-Co (A, B) and SB-Co (C, D). 
 
 
Figure 4.8 ESI-MS and TWIM-MS plot (m/z vs. drift time) of SA-Ni (A, B) and SB-Ni (C, D). 
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Figure 4.9 ESI-MS and TWIM-MS plot (m/z vs. drift time) of SA-Cu (A, B) and SB-Cu (C, D). 
 
 
Figure 4.10 ESI-MS and TWIM-MS plot (m/z vs. drift time) of SA-Zn (A, B) and SB-Zn (C, D). 
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Figure 4.11 ESI-MS and TWIM-MS plot (m/z vs. drift time) of SA-Cd (A, B) and SB-Cd (C, D). 
 
Table 4.2 Experimental drift times (ms) of SAs at different charge states 
 Mn Fe Co Ni Cu Zn Cd 
12+ 5.62 5.40 5.33 5.40 5.40 5.40 5.54 
13+ 4.96 4.74 4.57 4.63 4.63 4.64 4.78 
14+ 4.41 4.19 4.02 4.08 4.08 4.09 4.29 
15+ 4.08 3.75 3.60 3.64 3.64 3.67 3.88 
16+ 3.75 3.42 3.32 3.31 3.42 3.32 3.53 
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Figure 4.12 Calculated (top) and measured (bottom) isotope patterns for different charge states observed from SA-
Mn and SB-Mn (ClO4¯ as counterion). 
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Figure 4.13 Calculated (top) and measured (bottom) isotope patterns for different charge states observed from SA-
Fe and SB-Fe (PF6¯ as counterion). 
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Figure 4.14 Calculated (top) and measured (bottom) isotope patterns for different charge states observed from SA-
Co and SB-Co (PF6¯ as counterion). 
187 
 
 
Figure 4.15 Calculated (top) and measured (bottom) isotope patterns for different charge states observed from SA-
Ni and SB-Ni (PF6¯ as counterion). 
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Figure 4.16 Calculated (top) and measured (bottom) isotope patterns for different charge states observed from SA-
Cu and SB-Cu (PF6¯ as counterion). 
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Figure 4.17 Calculated (top) and measured (bottom) isotope patterns for different charge states observed from SA-
Zn and SB-Zn (PF6¯ as counterion). 
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Figure 4.18 Calculated (top) and measured (bottom) isotope patterns for different charge states observed from SA-
Cd and SB-Cd (PF6¯ as counterion). 
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1H NMR was further applied to characterize those fractal supramolecules and the results 
were consistent with the designed structures assembled by Fe(II), Zn(II) and Cd(II). Two sets of 
characteristic tpy signals were observed in the complexes, indicating the high symmetry of the 
structure as proposed (Figure 4.19). Compared with the chemical shift of the free tpy subunits from 
the ligand 4-L or 2-LD, all the protons of 3′, 5′ positions in the complexes were shifted downfield; 
while those protons of 6, 6″ positions were significantly shifted upfield because of either electron 
deficiency or electron shielding effect after complexation with metal ions according to the reported 
literature.29,45 The degree of those shifts were slightly different for SA/SB-Zn, SA/SB-Fe and 
SA/SB-Cd, for instance, the 3′, 5′ positions in SA/SB-Fe  were more downfield-shifted and the 6, 
6″ positions were more upfield-shifted compared with SA/SB-Zn and SA/SB-Cd. This is probably 
due to the different binding strength of the central metal ions that Fe(II) has stronger coordination 
interaction with the ligand. All the assignments for SA/SB-Zn and SA/SB-Fe as well as SA/SB-
Cd were confirmed by detailed 2D COSY (correlation spectroscopy) and 2D NOESY (nuclear 
Overhauser effect spectroscopy) spectra. 
The NMR characterizations of assemblies with Mn(II), Co(II), Ni(II), and Cu(II), however, 
were challenging due to the paramagnetic natures of those metals with tpy. Nevertheless, distinct 
1H NMR spectra of SA/SB-Co with such a high complexity and large molecular weights were still 
achieved for the first time. Surprisingly, the two sets of tpy signals spread out in a wide range (9 
~ 100 ppm), providing a fingerprint of the complexes. In a sharp contrast to the squeezed aromatic 
signals in the 1H NMR spectra of Fe(II), Zn(II) and Cd(II) complexes, the paramagnetic NMR of 
SA/SB-Co gave more assignable signals due to the dramatic paramagnetic shifts. 2D COSY and 
2D NOESY experiments were conducted potentially to access the correlation between the protons 
on the tpy units, however, the experiments failed of signals in the paramagnetic region because of 
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the rapid T1 relaxation time and only limited signals were displayed regarding the protons in the 
benzene rings and alkyne chains (Figure 4.22). To solve the problem of interpreting the signals in 
the paramagnetic region, a model Co(II) complex was synthesized particularly for proton and 2D 
COSY NMR. All the characteristic tpy signals in the model Co(II) complex were assigned 
ambiguously according to the 2D COSY spectrum (Figure 4.20) and literature report.46,47 This 
results provided reference for the assignment of the SA/SB-Co while tpy on the inner ring or outer 
ring couldn’t be differentiated (Figure 4.21). Unfortunately, the 1H NMR spectra for Mn(II), Cu(II) 
and Ni(II) complexes were unassignable with very broad signals. 
 
Figure 4.19 Partial 1H NMR spectra (400 MHz, CD3CN) of SA/SB-Zn, SA/SB-Fe, SA/SB-Cd from top to bottom. 
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Figure 4.20 Partial 1H NMR and 2D COSY NMR spectra of a model Co-complex. 
 
 
Figure 4.21 Partial 1H NMR spectra (400 MHz, CD3CN) of SA/SB-Co. 
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Figure 4.22 2D COSY (A) and NOESY (B) spectra (400 MHz, CD3CN) of SA-Co. 
 
 
Figure 4.23 2D DOSY spectra (400 MHz, CD3CN, 300 K) of SA/SB-Zn, SA/SB-Fe, SA/SB-Cd. 
 
Diffusion-ordered NMR spectroscopy (DOSY) were applied to provide dimensional 
information of those fractals. The spectra of SA/SB-Zn, SA/SB-Fe, SA/SB-Cd displayed narrow 
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bands of signals around the same position, indicating the sole architecture with a same diameter 
for each fractal (Figure 4.23). And the measured diffusion coefficient D (logD: -9.62~ -9.68) were 
matchable to the result for the G4 in chapter two.  
 
4.3.3  Structural Stability in Gas Phase 
It’s known that <tpy-M-tpy> connectivity has different binding strength or reversibility 
related to the metal ions, however, the overall structural stability is less explored when multiple 
<tpy-M-tpy> junctions are accommodated in one giant supramolecule, for instance, 12 <tpy-M-
tpy> junctions in each of those fractals. To evaluate the stability of those supramolecules with 
different metal ions, gradient tandem mass spectrometry (gMS2)48,49 was employed by applying a 
gradual increase of collision energy to an isolated charged species of the supramolecules. The 
results showed that those fractals with different <tpy-M-tpy> connectivity were completely 
dissociated at different collision energy with corresponding center-of-mass collision energy  
(Table 4.3) under gMS2 conditions. For instance, SA-Cu was dissociated at 21 V, which could be 
converted into a center-of-mass collision energy of 0.06 eV; while SA-Fe was completely 
dissociated at a slightly higher voltage of 22 V, corresponding to a center-of-mass collision energy 
of 0.06 eV as well. SA-Zn and SA-Co were decomposed at a moderate collision energy of 24 V 
and 26 V, corresponding to a center-of-mass collision energy of 0.06 eV and 0.08 eV, respectively. 
The collision energy could be as high as 31 V for SA-Ni but as low as 19 V and 18 V for SA-Cd 
and SA-Mn with a relevant center-of-mass collision energy of 0.08 eV, 0.06 eV and 0.05 eV, 
respectively (Figures 4.24-4.30). According to the gMS2 results, the structural stabilities of these 
supramolecules was estimated with a relative order: Ni > Co > Zn > Fe > Cu > Cd > Mn. This 
relative order of stability indicated the binding strength between the tetratopic ligand and the 
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transition metals in gas phase. Such stabilities might be affected by factors such as the radius, 
coordination number, and electronic state of the metal ions cooperatively, thus they are slightly 
different from the relative order of simple complexes reported.13,50 
Table 4.3  Summarized results of gMS2 and center-of-mass collision energy 
 Mn(II) Fe(II) Co(II) Ni(II) Cu(II) Zn(II) Cd(II) 
gMS2 (V) 18 22 26 31 21 24 19 
collision energy (eV) 0.05 0.06 0.08 0.08 0.06 0.06 0.06 
 
 
Figure 4.24 gMS2 of SA-Mn at 13+ with different collision energy. 
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Figure 4.25 gMS2 of SA-Fe at 13+ with different collision energy. 
 
 
Figure 4.26 gMS2 of SA-Co at 13+ with different collision energy. 
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Figure 4.27 gMS2 of SA-Ni at 13+ with different collision energy. 
 
 
Figure 4.28 gMS2 of SA-Cu at 13+ with different collision energy. 
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Figure 4.29 gMS2 of SA-Zn at 13+ with different collision energy. 
 
 
Figure 4.30 gMS2 of SA-Cd at 13+ with different collision energy. 
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4.3.4  Dynamic Ligand Exchange in Solution 
In addition to the exploration of structural stability in the gas phase, the kinetic aspects of 
dynamic ligand exchange process between two supramolecules with the same metal ion were 
further investigated in solution. In order to evaluate whether ESI-MS could be applied to 
quantitatively monitor the concentration change similar to NMR, the calibration curve experiment 
was conducted first to demonstrate the relationship between the concentration and the integration 
of peak area from the ESI-MS spectrum. Stock solutions (1.0 ×10-4 M in CH3CN) of SA and SB 
were readily mixed in different ratio (v/v, total 150 μL) for ESI-MS analysis immediately. After 
data processing, a linear relationship between peak area ratio (ASA/(ASA+ASB)) and concentration 
ratio ([SA]/([SA]+[SB])) was confirmed for each group of complexes and applied as the 
calibration curve to find the concentration of reactant [SA] in the dynamic ligand exchange study. 
For instance, an elegant linear curve of y = 1.270x-0.061 with R2 value of 0.996 was obtained for 
SA/SB-Cu. Similar linear curves were achieved for the other groups of complexes as well (Figure 
4.31). It’s notable that all the other six groups of complexes were mixed at controlled room 
temperature (25±1 oC), while SA/SB-Cd was mixed under -15 oC because of their dramatically 
rapid ligand exchange at room temperature. 
The dynamic ligand exchange study was subsequently performed by mixing the stock 
solution of SA and SB in a 1:1 ratio (v/v) in a sealed vessel and stirred at a certain temperature. 
The process was monitored by time-dependent ESI-MS. For instance, the mixture of SA-Co and 
SB-Co was stirred at room temperature over two weeks and the dynamic ligand exchange did not 
occur at all. When the temperature was gradually increased up to 120±1oC, the exchange reaction 
then occurred slowly and new peaks, corresponding to (2-LD)n(4-L)6-nCo12 (n=1-5), gradually 
appeared. ESI-MS showed that the system reached an equilibrium after two days (Figures 4.32A- 
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Figure 4.31 Plot of calibration curve of complexes SA/SB-M by mixing the stock solution in different ratio (v/v). 
 
D). Moreover, the peak area of SA-Co was observed to decrease when the mixing time increased 
from 10 to 22h (Figure 4.31E). As a result, the concentration of the reactant (1/[SA] - 1/[SA0]) was 
found to be linear with the exchange time (t) after data processing.  
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Figure 4.32 Dynamic ligand exchange study of SA-Co and SB-Co at 120 oC. ESI-MS spectra and TWIM-MS plot 
(m/z vs. drift time) of SA/SB-Co mixed after 0 h (A, C) and two days (B, D) (zoomed-in spectrum of 13+ ions in the 
inset); the magnified spectra of 13+ ions from the mixture of SA/SB-Co at different time spots (E). 
 
Those linear relationship indicated that the dynamic ligand exchange could be viewed as a 
second order (simplified) reaction according to the experimental kinetics. As such, the exchange 
rate constant kobs would be estimated from the slope of the linear curve (e.g. kobs = 3.9 × 10-1 M-1s-
1 for SA-Co and SB-Co at 120±1 oC). Similarly, the dynamic ligand exchange for the SA/SB-Zn 
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was very slow at room temperature and the temperature was increased to 70 oC for the convenience 
of ESI-MS analysis. The kobs was measured then as 60.4 M-1s-1 for SA-Zn and SB-Zn at 70±1 oC). 
For Cu(II) and Mn(II) fractals, the solution mixture displayed obvious ligand exchange behaviors 
at room temperature (25±1 oC), and the system reached the equilibrium within two hours. The 
measured kobs were obtained as 17.6 M-1s-1 and 19.1 M-1s-1 for SA/SB-Cu and SA/SB-Mn, 
respectively. Surprisingly, the mixture of SA-Cd and SB-Cd showed a dramatically rapid ligand 
exchange at 25±1 oC and even at 0±1 oC, which were unable to be monitored by ESI-MS. When 
the temperature was decreased to -15±1 oC, the exchange process was measured with a kobs as 1.4 
× 102 M-1s-1 (Figure 4.33). As for Ni(II) and Fe(II) fractals, the ESI-MS analysis revealed a 
decomposition after several days at 120 oC and 130 oC before new peaks corresponding to ligand 
exchange process occurred. 
These preliminary data demonstrated a substantial difference on the rate of the dynamic 
ligand exchange process for the supramolecules with different metal ions by showing a distinct 
kobs at various temperatures. In order to compare the kobs under the same temperature, e.g., 25 oC, 
the kobs constants at another temperature were measured for Co(II), Zn(II) and Cd(II) fractals (i.e., 
110±1 oC for Co(II), 60±1 oC for Zn(II) and -25±1 oC for Cd(II)). The kobs at 25 oC was then 
roughly calculated using the Arrhenius equation 	
()=	
()−/, where A and Ea could be 
determined by kobs at two other temperatures through calculation. So far, the kobs at 25 oC for five 
metal ions were obtained either by direct measurement from ESI-MS (e.g. Mn(II) and Cu(II)) or 
through calculation(e.g. Co(II), Zn(II) and Cd(II)), and the results were summarized in Table 4.4. 
according to the results, Cd(II) fractals showed the highest exchange rate constant kobs of 2.9 × 103 
M-1s-1, while Co(II) ones displayed a kobs as low as 1.7 × 10-9 M-1s-1 at 25 oC. The difference 
between those two was as high as a factor of 1012. 
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Figure 4.33 Plot of the concentration of the reactant (1/[SA] - 1/[SA0]) against reaction time (t) of dynamic ligand 
exchange of SA-M and SB-M at different time spots. 
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Similar to the relative order of structural stability in gas phase, the structural inertness of 
metallo-supramolecules in solution was then concluded as Fe/Ni ≫ Co ≫ Zn ≫ Cu > Mn > Cd 
according to the exchange rate constant kobs at 25 oC . The results elucidated that the metal ions 
played an important role for the structural stability in gas phase and kinetics (inertness or lability) 
in solution. Compared with the structural stability in gas phase which reflected the intrinsic binding 
strength of the metal-ligand in the complex in a solvent-free environment50, the dynamic behavior 
in solution was determined by kinetic liability or reversibility of the metal-ligand interactions 
which involved multiple processes including dissociation, association, affinitive attachment, 
etc.51,52 The method we developed to quantitatively study the experimental kinetics of the 
complicated dynamic ligand exchange process by ESI-MS along with the relative stability of giant 
supramolecules depending on the metal ions would advance future study in coordination-driven 
self-assembly. 
Table 4.4  Summary of exchange rate constant kobs (M-1S-1) 
 Mn(II) Fe(II) Co(II) Ni(II) Cu(II) Zn(II) Cd(II) 
Experimental 
kobs 
19.1 
25 oC 
Decomposed 
130 oC 
0.08 
110 oC 
3.9 × 10-1 
120 oC 
Decomposed 
120 oC 
17.6 
25 oC 
12.0 
60 oC 
60.4 
70 oC 
1.4× 102 
-15 oC 
54.2 
-25 oC 
kobs at 25 oC 19.1 - 1.7 × 10-9 - 17.6 1.8 × 10-2 2.9 × 103 
 
 
4.4 Conclusion 
In summary, a series of metallo-supramolecules with fractal features were prepared 
through coordination-driven self-assembly using two tetratopic tpy ligands (2-LD and 4-L) with 
seven different divalent transition metal ions M(II) (M=Mn, Fe, Co, Ni, Cu, Zn, Cd) under mild 
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conditions. Mn(II), Co(II), Ni(II), Cu(II) were reported herein for the first time to form giant and 
discrete structures in tpy-based supramolecular chemistry. Therefore, this study has largely 
expanded the spectrum of <tpy-M-tpy> connectivity for the construction of well-defined 
supramolecular architectures with increasing structural complexity and diversity. Structural 
characterizations of those fractal architectures were accomplished by detailed 1D and 2D NMR, 
DOSY NMR spectroscopy, ESI-MS and TWIM-MS. In addition, the structural stability of those 
fractals in the gas phase was investigated by gradient tandem mass spectrometry. The kinetics of 
the dynamic ligand exchange process between two discrete supramolecules with the same metal 
center in solution was also approached quantitatively using ESI-MS. The results revealed that the 
metal ions played an important role for the structural stability in both gas phase and in solution 
which may provide comprehensive understanding of the metal-ligand interactions in a giant 
supramolecular structure. It is also expected that this fundamental study would advance tpy-based 
supramolecular chemistry in terms of characterization, property and application explorations. 
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CHAPTER FIVE: COMBINING THREE TYPES OF METAL IONS INTO ONE 
METALLO-SUPRAMOLECULE BASED ON TERPYRIDINE LIGAND 
 
Note to Reader  
Most portions of this chapter have been submitted to Angewandte Chemie International 
Edition and are currently under peer review.  
 
5.1 Background 
In biological and synthetic systems, metal ions have always been taken advantage of their 
chemical properties to perform a variety of functions, such as stabilizing the configurations of 
various protein or nucleic acid, being second messengers or the active site of metalloenzymes.1,2 
For instance, Calmodulin is a prototypical and versatile Ca2+ sensor that it changes its 
conformation from the closed one to the open one upon binding Ca2+, which can further form 
complexes with a diverse array of target proteins because the hydrophobic surfaces within the N- 
and C-lobes are exposed (Figure 5.1).3,4 For heterometallic systems, different types of metal ions 
can be synergistically harnessed together to produce a positive cooperativity which substantially 
enhance the performance and function of the entire system. It is common in multi-metallic catalysis 
that a close proximity between the metal centers may provide favorable conditions for the 
occurrence of enhanced catalytic properties.5 A well-known example is in the carbonylation of 
methanol to acetic acid, the catalytic efficiency of iridium-platinum heterometallic systems is 
enhanced in a synergistic manner and superior to the individual components alone.5,6 Therefore, 
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the investigation of heterometallic systems are of great significance and have attracted intensive 
attention within different research fields.  
 
Figure 5.1 Structural changes of calmodulin upon binding to Ca2+ and IQ in CaV1.x and CaV2.x 
channels.(Reproduced from Ref 4. Creative Commons Attribution License (CC BY)) 
 
In the field of coordination-driven self-assembly, construction of heterometallic 
supramolecules has also been well studied along with the development of a wide range of 
methodologies in the past few decades.7 One of the most prevalent methods developed to achieve 
heterometallic supramolecules is the use of metal-organic ligands as building blocks for self-
assembly, which has been widely illustrated by Stang,8,9 Severin,10,11 Newkome,12,13 Su,14,15 
Jin,16,17 and others.18-20 The pre-designed metal-organic ligands offer structural rigidity, 
complexity as well as precise control over the topology of the final assemblies. It’s notable that 
the robust nature of the metal-ligand interaction in the pre-designed ligands is essential to preclude 
further coordination when react with the second metal. Another powerful method based on self-
sorting or self-discrimination has been delicately demonstrated in Nitschke,21,22 and Schmittel’s 
work.23,24 This method involves competitive binding affinity and specific recognition between 
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components governed by various factors and effects that typically increases the structural 
complexity and diversity greatly in a single step.  
 
Figure 5.2 A trisheterometallic scalene triangle (A) and a heterotrimetallic barrel (B). (Reproduced with permission 
from Ref 25. © American Chemical Society, 2010;  and Ref 28. © American Chemical Society, 2018) 
 
So far, the coordination complexes prepared by those two methods were mainly dimetallic 
species while only a few studies extended to trimetallic complexes with relatively simple structure, 
low complexity, and limited numbers of metal ions involved.25-2812 For instance, Schmittel et al. 
reported a trisheterometallic scalene triangle (involving Zn(II), Hg(II) and Cu(I)) that was 
fabricated from the eight components of a 3-fold completive self-sorting library (Figure 5.2A).25 
Subtle variations on steric and electronic effects, π-π interactions as well as metal-ion specifics led 
to the successful formation of a single species in solution rather than other aggregates. In 
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comparison, Chi et al. reported a heterotrimetallic barrel using two pre-designed metal-organic 
ligands. As one of the ligands has two metal centers, the barrel is assembled in a straightforward 
manner (Figure 5.2B).28 Challenges still remain in the construction of large metallo-
supramolecules with increasing complexity by using multiple types of metal ions.  
The goal in this chapter is to introduce multiple metal ions into the tpy-based 
supramolecules to construct heterotrimetallic structures. A metal-organic ligand 5-L with <tpy-
Ru-tpy> connectivity is designed that has a similar geometry with 2-LE but with two more free 
tpy in the end-capping part (Figure 5.3). Thus, it has more degree of freedom and is more flexible 
compared with 2-LE. This ligand is expected to bind a second metal ion selectively in the end-
capping part through self-recognition and further accomplish the self-assembly by subsequently 
adding the third metal ion. Such a strategy may be able to broaden the spectrum of metal ion, and 
thus to increase the diversity and complexity of the coordination assemblies. Moreover, the 
combination of multiple types of metal ions in one structure may introduce unique properties and 
offer potential opportunities for future applications. 
 
Figure 5.3 Synthetic strategy for constructing a giant heterotrimetallic structure. 
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5.2 Experimental Section 
5.2.1 Materials and Physical Measurements 
General Procedures. All reagents were purchased from Sigma-Aldrich, Fisher Scientific, 
Oakwood Chemicals, and used without further purification. Column chromatography was 
conducted using SiO2 (VWR, 40-60 µm, 60 Å) or neutral Al2O3 (Brockman I, 50-200 μm, 60 Å) 
and the separated products were visualized by UV light or testified by ESI-MS. 1H NMR and 13C 
NMR spectral data were recorded on Varian 400-MHz (probe: ASW_5mm_z_4811),Varian 500-
MHz (probe: ColdProbe_TR_Z_MR1007_3900B-12), and Varian 600MHz spectrometers. 
ESI-MS: ESI-MS was conducted on Waters Synapt G2 mass spectrometer with traveling 
wave ion mobility. The IM-MS experiments for complexes were performed under the following 
conditions: ESI capillary voltage, 3.0 kV; sample cone voltage, 20 V; extraction cone voltage, 1.0 
V;  source temperature 100 ºC; desolvation temperature, 120 ºC; cone gas flow, 10 L/h; desolvation 
gas flow, 700 L/h (N2);  source gas control, 0 mL/min; trap gas control, 2 mL/min; Helium cell gas 
control, 100 mL/min; ion mobility (IM) cell gas control, 30 mL/min;  sample flow rate, 5 μL/min;  
IM traveling wave height, 25 V; and IM traveling wave velocity, 1000 m/s.  
STM:Ultrahigh vacuum-low temperature-scanning tunneling microscopy (UHV-LT-
STM )experiments were performed at 4 K by using a home-built system with a Besoke-Beetle type 
STM scanner. The Ag (111) surface was cleaned by repeated cycles of sputtering and annealing up 
to 1000 K. An electrochemically etched polycrystalline tungsten wire was used for the STM tip. 
The tip apex was prepared by using a controlled tip-crash procedure. The sample solution (1× 10-
5 M in CH3CN) was deposited onto the processed Ag (111) surface at RT, and then cooled to 4 K 
inside the STM system. 
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5.2.2 Synthesis of Ligands and Complexes 
 
Figure 5.4 Synthetic route to ligand 5-L. 
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Compound 5-1. Compound 2-L (468 mg, 0.21 mmol) was dissolved in 150 mL CHCl3 and 
150 mL MeOH, and compound 2-23 (64 mg, 0.1 mmol) was added. The suspension was stirred at 
room temperature for 1 h, then N-ethylmorpholine (500 μL) was added. The mixture was refluxed 
for 48 h. After cooling down to room temperature, the solvent was removed by evaporation. The 
crude was purified by column chromatography on neutral Al2O3 with chloroform: methanol (100: 
1) as eluent to afford the product as a red solid (155 mg, 50% yield). 1H NMR (500 MHz, CDCl3+3% 
CD3OD, 300 K) δ 9.22 (s, 2H, tpyD-H3',5'), 9.10 (s, 2H, tpyC-H3',5'), 9.02 (d, J = 8.1 Hz, 2H, tpyD-
H3,3''), 8.85 (s, 2H, tpyB-H3',5'), 8.77 (s, 8H, tpyA-H3',5'), 8.76-8.69 (m, 12H, tpyA-H6,6'', tpyB-H6,6'', 
tpyB-H3,3'' ), 8.68-8.62 (m, 10H, tpyC-H3,3'', tpyA-H3,3''), 8.53 (m, 2H, Ph-Hh, Ph-Hi), 8.22 (s, 1H, 
Ph-Hg), 8.04 – 7.94 (m, 5H, tpyD-H4,4'', tpyC-H4,4'', Ph-Hf), 7.94 – 7.82 (m, 11H, tpyB-H4,4'', tpyA-
H4,4'', Ph-Hk), 7.80 (s, 4H, Ph-Ha), 7.53 – 7.40 (m, 9H, tpyC-H6,6'', Ph-He, Ph-Hb, Ph-Hj), 7.40 – 7.28 
(m, 14H, tpyB-H5,5'', tpyC-H5,5'', tpyA-H5,5'', tpyD-H6,6''), 7.25 – 7.19 (m, 2H, tpyD-H5,5''), 7.15 – 7.05 
(m, 6H, Ph-Hd, Ph-Hc), 3.60 (t, J = 5.9 Hz, 2H), 3.35 (t, J = 6.0 Hz, 4H), 1.30 (m, 2H), 1.20 – 1.11 
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(m, 4H), 1.04 (t, J = 7.6 Hz, 2H), 0.95 – 0.83 (m, 4H), 0.79 (m, 2H), 0.75-0.65 (m, 10H), 0.46 (t, 
J = 6.7 Hz, 6H), 0.39 (t, J = 7.2 Hz, 3H). 13C NMR (125 MHz, CDCl3+3% CD3OD, 300 K) δ 
157.82, 157.42, 155.93, 155.68, 155.58, 155.35, 155.01, 154.77, 154.50, 154.17, 152.23, 151.28, 
148.99, 147.68, 147.57, 146.99, 146.93, 146.51, 145.36, 139.24, 138.70, 138.36, 138.30, 137.16, 
136.91, 136.15, 135.77, 134.58, 134.07, 133.93, 132.73, 131.86, 131.34, 128.20, 127.79, 125.61, 
124.58, 124.10, 123.98, 123.80, 122.02, 121.48, 121.35, 121.15, 121.08, 119.76, 117.81, 116.97, 
94.95, 91.06, 89.71, 88.18, 87.38, 75.03, 74.35, 31.12, 29.94, 29.58, 29.54, 25.76, 25.27, 22.05, 
21.96, 13.60, 13.51. ESI-TOF (m/z): Calcd. [C171H131Cl2IN22O3Ru – 2Cl]2+ for: 1384.95, found: 
1384.93; Calcd. [C171H131Cl2IN22O3Ru – 2Cl +H]3+ for: 923.64, found: 923.63.  
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Compound 5-L.  Compound 5-1 (120 mg, 0.034 mmol), compound 2-18 (46 mg, 0.06 
mmol), Pd(PPh3)4 (3 mg, 5 μmol) and copper(I) iodide (0.4 mg, 4 μmol) was degassed under 
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nitrogen for three times. After that, 20 mL anhydrous DMF, 10 mL anhydrous DME, 10 mL 
anhydrous Et3N which were degassed by bubbling nitrogen for 5 minutes were added and the 
mixture was stirred at 80 ºC overnight. After removal of solvent under vacuum, the crude was 
purified by column chromatography on neutral Al2O3 with chloroform: methanol (100:1) as eluent 
to afford the product as a dark red solid (54 mg, 40% yield). 1H NMR (500 MHz, CDCl3+3% 
CD3OD, 300 K) δ 9.07 (s, 2H, tpyC-H3',5'), 9.03 (s, 2H, tpyD-H3',5'), 8.82 (s, 2H, tpyB-H3',5'), 8.77 (d, 
J = 8.3 Hz, 2H, tpyD-H3,3''), 8.75-8.69 (m, 10H, tpyA-H3',5', tpyE-H3',5'), 8.71 – 8.69 (m, 14H, tpyB-
H6,6'', tpyB-H3,3'', tpyA-H6,6'', tpyE-H6,6''), 8.64-8.57 (m, 12H, tpyC-H3,3'', tpyA-H3,3'', tpyE-H3,3''), 8.34 
(m, 1H, Ph-Hi), 8.26 – 8.19 (m, 2H, Ph-Hh, Ph-Hg), 8.03 (s, 1H, Ph-Hr), 7.99 – 7.82 (m, 18H, tpyC-
H4,4'', tpyD-H4,4'', tpyE-H4,4'', tpyB-H4,4'', tpyA-H4,4'', Ph-Hf, Ph-Hk), 7.80 (s, 4H, Ph-Ha), 7.72 – 7.66 
(m, 2H, Ph-Hj, Ph-Hu), 7.58-7.54 (m, 3H, tpyC-H6,6'', Ph-Hs), 7.51 – 7.36 (m, 15H, tpyD-H6,6'', tpyC-
H5,5'', Ph-He, Ph-Hb, Ph-Ht, Ph-Hl, Ph-Hq), 7.34-7.28 (m, 12H, tpyB-H5,5'', tpyA-H5,5'', tpyE-H5,5''), 
7.23 (m, 2H, tpyD-H5,5''), 7.14 – 7.05 (m, 8H, Ph-Hd, Ph-Hc, Ph-Hn), 7.02 (m, 4H, Ph-Hm, Ph-Hp), 
6.91 – 6.80 (m, 2H, Ph-Ho), 3.93 (t, J = 6.6 Hz, 2H), 3.61 (t, J = 6.5 Hz, 2H), 3.36 – 3.24 (m, 4H), 
1.74 (q, J = 7.0 Hz, 2H), 1.48 – 1.39 (m, 2H), 1.36 – 1.25 (m, 6H), 1.15-1.11 (m, 4H), 1.07 – 0.99 
(m, 2H), 0.92 – 0.76 (m, 8H), 0.88-0.71 (m, 11H), 0.43 (t, J = 6.6 Hz, 6H), 0.38 (t, J = 7.2 Hz, 3H). 
13C NMR (125 MHz, CDCl3+3% CD3OD, 300 K) δ 157.76, 157.57, 156.62, 156.08, 156.00, 
155.91, 155.85, 155.65, 155.42, 154.90, 154.66, 154.61, 154.25, 152.53, 152.04, 149.47, 149.12, 
149.04, 148.31, 147.65, 147.61, 147.42, 147.00, 146.90, 146.60, 145.14, 138.99, 138.59, 138.38, 
138.16, 136.98, 136.87, 136.78, 136.54, 134.53, 134.13, 132.96, 132.78, 132.69, 132.60, 131.91, 
131.81, 130.17, 130.00, 128.93, 128.25, 128.01, 126.80, 125.59, 124.75, 124.41, 124.30, 124.09, 
123.93, 123.86, 123.75, 122.29, 122.12, 121.52, 121.35, 121.23, 119.73, 118.75, 117.78, 117.31, 
116.17, 115.77, 115.55, 91.13, 91.03, 90.22, 89.81, 88.41, 88.29, 88.13, 87.68, 75.29, 74.35, 68.21, 
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31.85, 31.52, 31.26, 31.23, 30.04, 29.62, 29.28, 29.21, 25.87, 25.68, 25.34, 22.62, 22.53, 22.14, 
22.04, 14.05, 13.98, 13.70, 13.65. ESI-TOF (m/z): Calcd. [C220H170Cl2N26O4Ru –2Cl+H]3+ for: 
1114.77, found: 1114.74; Calcd. [C220H170Cl2N26O4Ru –2Cl+2H]4+ for: 836.33, found: 836.32. 
 
Intermediate 5-L·Fe.  To a solution of ligand 5-L (10.2 mg, 3.0 μmol) in CHCl3/MeOH(1.0 
mL/3.0 mL), 381 μL FeCl2 solution (1.0 mg/mL in MeOH) (0.38 mg, 3.0 μmol) was added. The 
mixture was heated at 80 ºC for 8 h in a sealed high-pressure vessel with nitrogen protection. After 
that, the mixture was cooled to room temperature, and half of the residue was dried by vacuum for 
ESI-MS and carbon NMR characterization. The other half portion was added to a solution of 
NH4PF6 (20 mg in 20 mL MeOH). After a while, a precipitate was formed, washed with MeOH 
for three times by centrifugation, dried in vacuum to give the product as a dark purple solid (5.6 
mg, 97% yield). 1H NMR (500 MHz, CD3CN, 300 K) δ 9.25 (s, 2H, tpyE-H3',5'), 9.20 (s, 2H, tpyF-
H3',5'), 9.07 (s, 2H, tpyD-H3',5'), 9.02 (s, 2H, tpyC-H3',5'), 8.93 (m, 4H, tpyE-H3,3'', tpyF-H3,3''), 8.78 (m, 
16H, tpyA-H3',5', tpyB-H3',5', tpyG-H3',5', tpyB-H3,3'', tpyG-H3,3'', tpyB-H6,6'', tpyG-H6,6''), 8.68 – 8.53 (m, 
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13H, tpyA-H3,3'', tpyA-H6,6'', tpyD-H3,3'', tpyC-H3,3'', Ph-Hr), 8.48 (s, 1H, Ph-Hu), 8.37 (s, 1H, Ph-Hh), 
8.30 (s, 1H, Ph-Hi), 8.22 (m, 2H, Ph-Hg, Ph-Hg'), 8.11 (s, 1H, Ph-Hf'), 8.01-7.84 (m, 19H, tpyA-
H4,4'', tpyB-H4,4'', tpyC-H4,4'', tpyD-H4,4'', tpyE-H4,4'', tpyF-H4,4'', tpyG-H4,4'', Ph-Hf, Ph-Ha), 7.93-7.79 
(m, 4H, Ph-Hj, Ph-Ht, Ph-Hk, Ph-Hs), 7.61 – 7.43 (m, 16H, tpyA-H5,5'', tpyB-H5,5'', tpyG-H5,5'', tpyE-
H6,6'', tpyF-H6,6'', tpyD-H6,6'', tpyC-H6,6''), 7.41 (m, 6H, Ph-He, Ph-Hb), 7.20-7.11 (m, 14H, tpyE-H5,5'', 
tpyF-H5,5'', tpyD-H5,5'', tpyC-H5,5'', Ph-Hd, Ph-Hc), 7.10 (m, 8H, Ph-Hn, Ph-Hp, Ph-Hq, Ph-Hl), 7.01 
(m, 4H, Ph-Ho, Ph-Hm), 4.03 (t, J = 6.6 Hz, 2H), 3.76 (m, 2H), 3.69 (m, 2H), 3.34 (m, 2H), 1.80 
(m, 4H), 1.50-1.27 (m, 10H), 1.11 (m, 6H), 0.84 (m, 6H), 0.74 – 0.61 (m, 8H), 0.40-0.36 (m, 12H). 
13C NMR (125 MHz, CDCl3+3% CD3OD, 300 K) δ 156.63, 156.11, 156.02, 155.93, 155.68, 
155.43, 155.03, 154.63, 149.13, 149.06, 147.64, 146.61, 136.88, 136.78, 134.14, 132.79, 132.68, 
132.61, 132.36, 131.82, 130.83, 130.19, 128.94, 128.73, 128.02, 124.09, 123.88, 123.75, 122.32, 
122.15, 121.53, 121.36, 121.23, 119.72, 118.77, 117.83, 115.56, 89.79, 88.31, 74.34, 68.50, 68.23, 
68.10, 38.66, 31.86, 31.53, 31.28, 31.24, 30.29, 30.05, 29.63, 29.30, 29.23, 28.86, 25.92, 25.69, 
25.36, 23.68, 22.92, 22.56, 22.16, 22.06, 13.99, 13.72, 10.90. ESI-TOF (m/z): Calcd. 
[C220H170Cl4N26O4RuFe –3Cl]3+ for: 1144.74, found: 1144.74; Calcd. [C220H170Cl4N26O4RuFe –
4Cl]4+ for: 849.81, found: 849.81. 
Complex SA [(5-L)6Fe6Zn12]: To a solution of ligand 5-L (6.8 mg, 2.0 μmol) in 
CHCl3/MeOH(1.0 mL/3.0 mL), 254 μL FeCl2 solution (1.0 mg/mL in MeOH) (0.25 mg, 2.0 μmol) 
was added. The mixture was heated at 80 ºC for 8 h in a sealed high-pressure vessel with nitrogen 
protection. The mixture was then cooled to 50 ºC and 1.188 mL Zn(NO3)2•6H2O solution (1.0 
mg/mL in MeOH) (1.18 mg, 4.0 μmol) was added to the system. The mixture was heated at 50 ºC 
for another 8 h and then added to a solution of NH4PF6 (30 mg in 30 mL MeOH). After a while, a 
precipitate was formed, washed with MeOH for three times by centrifugation, dried in vacuum to 
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give the product as a dark red solid (7.6 mg, 96% yield). 1H NMR (600 MHz, CD3CN, 300 K) δ 
9.43 (s, 2H, tpyF-H3',5'), 9.39 – 9.25 (m, 12H, tpyA-H3',5', tpyB-H3',5', tpyC-H3',5', tpyE-H3',5'), 9.11 (s, 
2H, tpyD-H3',5'), 8.86-8.81 (m, 8H, tpyF-H3,3'', tpyA-H3,3'', tpyC-H3,3''), 8.73-8.70 (m, 8H, tpyE-H3,3'', 
tpyB-H3,3'', tpyD-H3,3''), 8.56-8.53(2H, Ph-Hg', Ph-Hg), 8.47 – 8.21 (m, 16H, Ph-Ha, Ph-Hr, Ph-Hf, 
Ph-Hf', Ph-Hh, Ph-Hu, Ph-Hi, tpyA-H4,4'', tpyC-H4,4'', tpyE-H4,4''), 8.01-7.94 (br, 16H, tpyF-H4,4'', tpyB-
H4,4'', tpyD-H4,4'', tpyA-H6,6'', tpyC-H6,6'', tpyE-H6,6''), 7.88-7.84 (4H, Ph-Hj, Ph-Ht, Ph-Hk, Ph-Hs), 
7.77 – 7.69 (m, 6H, Ph-He, Ph-Hb), 7.61 – 7.46 (m, 18H, tpyF-H6,6'', tpyB-H6,6'', tpyD-H6,6'', tpyA-
H5,5'', tpyC-H5,5'', tpyE-H5,5'', Ph-Hl), 7.37 (6H, Ph-Hd, Ph-Hc), 7.32 – 7.11 (m, 16H, tpyB-H5,5'', tpyD-
H5,5'', tpyF-H5,5'', Ph-Hn, Ph-Hm, Ph-Hp, Ph-Hq), 7.04 (d, J = 8.3 Hz, 2H, Ph-Ho), 4.06 (d, J = 7.1 Hz, 
2H), 3.99 – 3.68 (m, 6H), 1.83 (2H), 1.61 – 1.24 (m, 16H), 0.97 (m, 10H), 0.80 – 0.61 (m, 7H), 
0.32-0.28 (m, 9H). 13C NMR (150 MHz, CD3CN, 300 K) δ 155.48, 155.23, 149.56, 147.92, 141.52, 
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140.69, 140.66, 140.61, 140.58, 140.55, 133.04, 132.65, 128.54, 127.63, 124.31, 122.25, 115.83, 
75.77, 68.23, 31.33, 31.27, 30.24, 28.96, 26.11, 25.44, 25.41, 22.36, 22.07, 21.98, 13.35, 12.94, 
12.89. ESI-TOF (m/z): 1335.9 [M-19PF6¯]19+ (calcd m/z: 1335.9), 1261.8 [M-20PF6¯]20+ (calcd 
m/z: 1261.8), 1194.8 [M-21PF6¯]21+ (calcd m/z: 1194.8), 1133.9 [M-22PF6¯]22+ (calcd m/z: 1133.9), 
1078.3 [M-23PF6¯]23+ (calcd m/z: 1078.3), 1027.4 [M-24PF6¯]24+ (calcd m/z: 1027.4). 
Complex SB [(5-L)6Co6Zn12]: To a solution of ligand 5-L (6.8 mg, 2.0 μmol) in 
CHCl3/MeOH(1.0 mL/1.0 mL), 476 μL CoCl2 •6H2O solution (1.0 mg/mL in MeOH) (0.48 mg, 
2.0 μmol) was added. The mixture was heated at 80 ºC for 8 h in a sealed high-pressure vessel with 
nitrogen protection. The mixture was then cooled to 50 ºC and 1.188 mL Zn(NO3)2•6H2O solution 
(1.0 mg/mL in MeOH) (1.18 mg, 4.0 μmol) was added to the system. The mixture was heated at 
50 ºC for another 8 h and then added to a solution of NH4PF6 (30 mg in 30 mL MeOH). After a 
while, a precipitate was formed, washed with MeOH for three times by centrifugation, dried in 
vacuum to give the product as a red solid (7.7 mg, 96% yield). ESI-TOF (m/z): 1336.8 [M-
19PF6¯]19+ (calcd m/z: 1336.8), 1262.8 [M-20PF6¯]20+ (calcd m/z: 1262.8), 1195.7 [M-21PF6¯]21+ 
(calcd m/z: 1195.7), 1134.8 [M-22PF6¯]22+ (calcd m/z: 1134.8), 1079.1 [M-23PF6¯]23+ (calcd m/z: 
1079.1), 1028.1 [M-24PF6¯]24+ (calcd m/z: 1028.1). 
Complex SC [(5-L)6Cr6Zn12]: To a solution of ligand 5-L (6.8 mg, 2.0 μmol) in 
CHCl3/MeOH(1.0 mL/1.0 mL), 246 μL CrCl2 solution (1.0 mg/mL in MeOH) (0.25 mg, 2.0 μmol) 
was added. The mixture was heated at 80 ºC for 8 h in a sealed high-pressure vessel with nitrogen 
protection. The mixture was then cooled to room temperature and bubbled with air for 10 mins. 
After that, 1.188 mL Zn(NO3)2•6H2O solution (1.0 mg/mL in MeOH) (1.18 mg, 4.0 μmol) was 
added to the system at once. The system continued to heat at 50 ºC for another 8 h and was then 
added to a solution of NH4PF6 (30 mg in 30 mL MeOH). After a while, a precipitate was formed, 
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washed with MeOH for three times by centrifugation, dried in vacuum to give the product as an 
orange red solid (7.4 mg, 95% yield). ESI-TOF (m/z): 1618.4 [M-16PF6¯]16+ (calcd m/z: 1618.4), 
1514.8 [M-17PF6¯]17+ (calcd m/z: 1514.8), 1422.5 [M-18PF6¯]18+ (calcd m/z: 1422.5), 1340.0 [M-
19PF6¯]19+ (calcd m/z: 1340.0), 1265.8 [M-20PF6¯]20+ (calcd m/z: 1265.8), 1198.7 [M-21PF6¯]21+ 
(calcd m/z: 1198.7). 
 
5.3 Results and Discussion 
5.3.1 Intermediate through Self-Recognition 
The hexatopic terpyridinyl metal-organic ligand 5-L was synthesized with <tpy-Ru(II)-tpy> 
connectivity using a Ru(II) end-capping approach  and a subsequent Sonogashira coupling reaction. 
5-L possesses 6 free tpy for the following self-recognition and self-assembly. In the introduction 
of a second type of metal ion, one equivalent Fe(II), Co(II) or Cr(II) was mixed with 5-L at 80 °C. 
ESI-MS results suggested the formation of an exclusive intermediate (5-L·M) through specific 
coordination or self-recognition. The measured m/z agreed well with the molecular composition 
of the intermediates respectively, i.e., 849.81 for 5-L·Fe, 850.56 for 5-L·Co and 853.06 for 5-
L·Cr at charge state 4+ (Figure 5.5). It should be noted that Cr(II) was oxidized to Cr(III) by air 
bubbling and an -OH group was attached to balance the increased valence.29,30 
 1H NMR was also applied to confirm the specific coordination site within the structure of 
the intermediate 5-L·Fe. Two sets of signals with metal and three sets of free tpy signals were 
observed in 5-L; while four sets of coordinated tpy signals and three sets of free tpy signals were 
assigned in 5-L·Fe because of the loss of molecular symmetry after complexation with an 
additional equivalent of Fe(II). The downfield shift of tpy-E3’5’ signal and tpy-F3’5’ signal proved 
that Fe(II) selectively coordinated with the two tpy in the end-capping part through self-recognition  
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Figure 5.5 ESI-MS spectra of  5-L and intermediates 5-L·M (Cl- as the counterion). 
 
(Figure 5.6). Detailed assignments were based on 2D COSY and 2D NOESY spectra. However, 
the 1H NMR spectra were broad for assignment and 2D NMR experiments failed for 5-L·Co and 
5-L·Cr because of the paramagnetic natures of Co(II) and Cr(III). Surprisingly, two sets of 
characteristic tpy signals spread out in a wide range (20 ~ 100 ppm) corresponding to the <tpy-
Co(II)-tpy> connectivity31,32 in the proton NMR were still supportive to the proposed intermediate 
5-L·Co (Figure 5.7). We speculate that the exclusive formation of the intermediate is energy 
favorable by regulation the rigidity of the conformation through intramolecular complexation 
rather than intermolecular complexation.33,34 Also the dynamic nature of the metal-ligand 
coordination allowed the occurrence of self-recognition.  
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Figure 5.6 1H NMR spectra (500 MHz, 300 K) of 5-L in CDCl3 and 5-L·Fe in CD3CN. 
 
 
Figure 5.7 1H NMR (600 MHz, CD3CN, 300 K) spectrum of intermediate 5-L·Co (PF6¯ as the counterion). 
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5.3.2 Self-Assembly of Heterotrimetallic Supramolecules SA-SC 
Without further purification or separation, adding additional two equivalents of Zn(II) 
directly to each reaction system successfully lead the formation of targeted metallo-
supramolecules with fractal pattern12 in one pot at 50 °C by self-assembly. Thus, three 
heterotrimetallic supramolecules SA-SC were constructed in a step-wise strategy by combining 
self-recognition and self-assembly in one pot: the first metal Ru(II) was embedded in the end-
capping part of the metal-organic ligand through synthetic procedures; the second metal Fe(II), 
Co(II) or Cr(III) was incorporated into the capping part of the metal-organic ligand through self-
recognition upon intramolecular complexation; the third metal Zn(II) was incorporated at last 
through self-assembly upon intermolecular complexation (Figure 5.8). 
 
Figure 5.8 Construction of three heterotrimetallic supramolecules SA-SC through self-recognition and self-
assembly. 
231 
 
ESI-MS and traveling wave ion mobility mass spectrometry (TWIM-MS)35 were applied 
to provide structural information of those final heterotrimetallic supramolecules. Only one set of 
continuous charged signals was observed from 1D ESI-MS (Figure 5.9A, C, E), corresponding to 
a molecular weight of 28136, 28155, and 28215 Da for SA, SB and SC respectively. A narrow 
distribution of drift time for each charge state in TWIM-MS spectrum (Figure 5.9B, D, F) 
suggested a clean formation of discrete metallo-supramolecules with high shape-persistence. 
Furthermore, corresponding isotope pattern measured for each charged state of the supramolecules 
agreed well to the theoretical one (for instance, 1335.9 for SA, 1336.8 for SB, 1340.0 for SC at 
charge state 19+), which strongly supported the formation of the proposed structure as well 
(Figures 5.10). It’s worth noting that the mass spectrometry data excluded the possibility of 
disassembly and reassembly of <tpy-Fe(II)-tpy>,  <tpy-Co(II)-tpy> or < tpy-Cr(III)-tpy> within 
the targeted metallo-supramolecules. Because if disassembly and reassembly occurred in the self-
assembly, we would expect to observe multiple sets of signal in mass spectrometry  corresponding 
to different numbers (0-18) of Fe(II), Co(II) or Cr(III) in final assembled structure. Due to each 5-
L·M could have two different orientations in the self-assembly with Zn(II), the final metallo-
supramolecules would generate a variety of isomers, leading to the broad peaks in the proton NMR 
spectra. Nevertheless, the characteristic signals in 1H NMR, 2D COSY and 2D NOESY spectra of 
complex SA were still assigned and consistent with proposed structure (Figures 5.11). Diffusion-
ordered NMR spectroscopy (DOSY) showed the diffusion coefficient (D, m2/s) of SA as 1.43 ×10-
10, which corresponded to experimental hydrodynamic radius (rH) calculated as 5.7 nm from the D 
value 9g, also agreed with the molecular diameter obtained from molecular modeling (r = 5.5 nm) 
(Figure 5.12). 
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Figure 5.9 ESI-MS spectra and TWIM-MS plot (m/z vs. drift time) of SA(A, B), SB(C, D) and SC(E, F). 
 
 Gradient tandem-mass spectrometry (gMS2) showed that the three supramolecules all fully 
dissociated at +25V, corresponding to the center-of-mass collision energy of 0.04 eV. Those 
results implied similar stability of the three metallo-supramolecules in gas phase although different 
metal ions were incorporated. It’s attributable that the stability of the whole supramolecule was 
determined by the weakest <tpy-Zn(II)-tpy> among the three <tpy-M-tpy> connectivity.13,36 Thus, 
the three heterotrimetallic supramolecules have the same molecular stability. 
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Figure 5.10 Calculated (top) and Measured (bottom) isotope patterns for SA-SC (PF6¯ as counterion). 
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Figure 5.11 1H NMR and 2D NOESY NMR of SA(600 MHz, CD3CN, 300 K, aromatic region). 
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Figure 5.12 2D DOSY NMR (600 MHz, CD3CN, 300 K) spectrum(A) and energy-minimized structure from 
molecular modeling for SA (B). 
 
5.3.3 Morphology of SA on Surface 
In addition to the structural characterization described above including ESI-MS, TWIM-
MS and 2D NMR experiments, ultrahigh vacuum-low temperature-scanning tunneling microscopy 
(UHV-LT-STM) was utilized to directly visualize the morphologies of those giant metallo-
supramolecules on surface. Working with the mechanism of quantum tunneling effect under a 
small bias voltage ±1~2 volts, STM effectively prevent molecular structural damages such as 
knock-on damages, heating effects, and radiolysis that could be introduced by other microscopy 
characterization methods such as high-resolution transmission electron microscopy (HR-
TEM).37,38 Moreover, such technology could possibly give detailed surface topography 
information at atomic scale as well as electronic properties, making it more powerful for the 
characterization of self-assembly.39 Since all three types of supramolecules are nearly identical in 
shape, SA was selected as a representative for UHV-LT-STM characterization. Fresh prepared 
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sample solution of SA in acetonitrile was dropped cast on Ag (111) surface and cooled down to 
4K to reduce molecular thermal motion and achieve high resolution. Remarkably, the majority of 
scanned areas showed large numbers of intact supramolecules with some minor fragments 
absorbed on the surface (Figure 5.13A). With positive bias voltage +2V applied, each <tpy-M-tpy> 
connection unit was visualized as a bright lobe in the STM image; while the overall organic 
backbone of the supramolecule was well displayed at negative bias voltage of -2V (Figure 5.13B 
and C). The measured diameter (ca. 1.1 and 1.0 nm) perfectly matched the size and dimension by 
the theoretical molecular modeling (Figure 5.13D-F). 
 
Figure 5.13 STM measurement of SA: Large area STM image (scale bar 10 nm) (A); topography of SA at bias 
voltage +2V (B) and bias voltage -2V (C) with molecular modeling overlay (scale bar 2 nm);  Zoomed-in STM 
image for line profile measurements (scale bar 2 nm) (D); The STM line profile measurements along green and red 
dashed lines inside the hexagon grid shown in D (E and F). 
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5.3.4  Identification of Isomer 
 So far with the flourished characterization for structure topology, another important issue 
still remained in the air. It’s notable that the intermediates such as 5-L·Fe was asymmetric in 
chemical composition and could flip over during the self-assembly with Zn(II), leading to the 
formation of 8 structural isomers with different orientations of Ru vs. Fe (Figure 5.14). The 
identification of those structural isomers was extremely challenging using conventional 
characterization methods, e.g., mass spectrometry, NMR and X-ray diffraction. Therefore, the 
scanning tunneling spectroscopy (STS) is employed here to probe the local density of states 
(LDOS) in order to differentiate these isomers at atomic scale.40,41 
 
Figure 5.14 Representative cartoons of 8 structural isomers with different orientations of Ru vs. Fe. 
 
The LDOS of the metal junctions of a reference molecule G5 synthesized in chapter two 
which contains only one type of metal ions Ru(II) in its outermost ring was first measured. The 
obtained STS showed a distinct average bandgap of 2.79 eV (Figure 5.15), which later served as 
the reference to identify <tpy-Ru(II)–tpy> connection. Then, the STS was collected in a single SA 
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supramolecule for the outermost ring. An average of 2.77 eV bandgap was found for six metal 
junctions, which is assigned to <tpy-Ru(II)–tpy> connection according to the reference, and 
meanwhile an averaged bandgap of 2.51 eV was found for the other six lobes corresponding to 
<tpy-Fe(II)–tpy> connection (Figure 5.16 C and D). Thus, we successfully differentiated Fe(II) 
from Ru(II) and identified the isomer type out of its 8 possibilities (Figure 5.16 A and B). The 
method of STS offers an opportunity of probing the local chemical environment with the LDOS 
at atomic scale and differentiating isomers, which has great significance for chemists to 
characterize their intermediate and final products. In addition, the acquired data showed an average 
bandgap of 2.32 eV for the innermost <tpy-Zn(II)-tpy> connections while 2.71 eV for the outer 
layer of <tpy-Zn(II)-tpy> connections (Figure 5.16 E and F). The difference might result from the 
different chemical environment for those two layers of <tpy-Zn(II)-tpy> junctions. 
 
Figure 5.15 STS of reference molecule G5: chemical structure of G5 (A); large area STM image of G5 (scale bar 
10 nm) (B); zoomed-in STM image of single supramolecule G5 with molecular modeling overlay (scale bar 2 nm) 
(C); dI/dV-V tunneling spectroscopy data of Ru (II) (D). 
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Figure 5.16  STS of one isomer of SA: chemical structure of identified isomer (A); representative cartoon of 
identified isomer (B); dI/dV-V tunneling spectroscopy data of Feu (II) (C); dI/dV-V tunneling spectroscopy data of 
Ru (II) (D); dI/dV-V tunneling spectroscopy data of outer layer Zn(II) (E) and innermost Zn(II) (F). 
 
5.4 Conclusion 
In this chapter, a series of giant metallo-supramolecules with multiple metal ions were 
successfully synthesized in one pot through a combined strategy of self-recognition and self-
assembly. In the step of self-recognition, Fe(II), Co(II) or Cr(III) was selectively coordinated into 
the pre-designed metal-organic ligand upon intramolecular complexation.  The subsequent self-
assembly with weak coordination metal ion Zn(II) gave the final supramolecules SA-SC. The 
intermediates and the supramolecules were well characterized by mass spectrometry and NMR 
spectroscopy. SA was directly observed using UHV-LT-STM and one of the eight isomers was 
successfully identified by STS. Those trimetallic metallo-supramolecules might introduce metal-
dependent properties and offer potential opportunities for future applications. 
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APPENDIX I: 1H, 13C AND 2D COSY, NOESY NMR SPECTRA 
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